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ABSTRACT
Argillaceous sediment obtained from the Louisiana 
Gulf Coast was subjected to experimental diagenesis in 
artificial sea water at temperatures of 100°C and 200°C. 
The artificial sea water concentration was monitored and 
the mineralogy of the sediment was analyzed as the sedi­
ment and sea water approached equilibrium at higher 
temperatures.
Increases in the Na+ , K+ and Ca++ concentrations 
and decreases in the Mg++ and SO4 concentrations of the 
artificial sea water were observed during the diagenetic 
alteration of the sediment- The soluble SiC>2 concentra­
tion stabilized near the saturation point of quartz and 
the iron concentration remained extremely low during the 
investigation. The pH of the water initially dropped, 
increased, and stabilized as the minerals reacted in the 
fluid.
Chamosite and illite formed in the sediment at 
100°C and 200°C during diagenesis. Feldspar, kaolinite 
and mixed-layered illite were destroyed at both tempera­
tures. Calcite, montmori1Ionite, and quartz remained in 
the sediment as a phase at 100°C and 200°C. Gypsum, 
however, remained stable at 100°C but was destroyed at 
200°C.
xiii
Thermodynamic data were compared to the ex­




The purpose of this research is to identify more 
accurate and definitive parameters such as temperature, 
pressure, and fluid compositions which may control the 
diagenesis of argillaceous sediments. To accomplish this 
purpose, a sample of argillaceous sediment obtained from 
the Louisiana Gulf Coast was subjected to a selective 
hydrothermal investigation. The information obtained from 
this Investigation will not only have a bearing on the 
problems of diagenesis of interstitial water-sedlment 
systems of the Gulf Coast area, but, will also contribute 
to a knowledge of the mechanisms that might generate ab­
normal pressures and fluid compositions in reservoirs 
located in the Gulf of Mexico basin.
Review
Sujkowski (1958) indicated that there is no 
generally accepted definition of the term "diagenesis." 
Several geologists agree that the term refers to changes 
in a deposited sediment but disagree as to where the pro­
cess begins with respect to weathering and where it ends 
with respect to metamorphism.
Weaver (1959) indicated that the term diagenesis 
should be restricted to modification of the basic structure
1
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in minerals and alterations affecting the interlayer 
material of clay minerals should not be considered a 
diagenetic process but should be classified as an exchange 
phenomena. Powers (1959) indicated that cation exchange 
plays a major role in the diagenesis of argillaceous 
sediment. It is not the purpose of this author to 
reconcile their differences. He has assumed that dia­
genesis is basically the sum of processes in which a 
chemical, mineralogical, and/or physical changes takes 
place in a sediment after it has been deposited and prior 
to the formation of a customarily recognized metamorphic 
facies.
Most sediments are heterogeneous mixtures of 
minerals that have been exposed to various temperatures, 
pressures, and solutions for many years. Thus, it has 
become a difficult problem for the geologist to determine 
what changes, if any, have taken place in these sediments 
since the time of deposition.
However, clay mineral alteration accompanying 
diagenesis of ancient sediments is widely accepted by 
most geologists and is supported by the work of Weaver 
(1961), Keller (1958), Light (1952), Hurley, et al. (1960), 
Burst (1959), Grim and Bradley (1960).
Many papers have been published between 1949 and 
1958 on the alteration of clay minerals in recent 
sediments. After reviewing these papers. Weaver (1959) 
concluded.
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" . . .  the changes in these recent 
sediments were not proven as being 
alterations but they more probably 
were segregations whose tendencies 
can equally well be explained by such 
things as preferential flocculation, 
current sorting, effects of different 
position and concentration of river 
detritus, and probably numerous 
factors of which we are not aware."
Some geologists may interpret depositional variations as
diagenetic alterations.
Keller (1963) thoroughly reviewed the subject of
diagenesis as it pertains to argillaceous sediments and
suggested four mechanisms: depth of burial, time,
geothermal gradient, and activities of dissolved ions.
Depth of burial
Diagenesis controlled by depth of burial implies 
overburden pressure as one of the effective agents 
causing changes in buried sediments. Powers (1959) des­
cribed an alteration of montmorilIonite to illite in 
argillaceous sediment which was closely correlated to 
depth of burial and the geochemistry of the host rock. 
This work was later discussed by Heaver (1959) as an 
epigenetic alteration and both men have inferred that 
diagenetic changes do take place in the Texas Gulf 
Coast sediments at depths between 3000 and 10,000 feet.
Several other geologists: Boswell (1961), Powers
(1967), Keller (1963), Weaver (1961), and Yaalon (1962), 
observed that illite becomes the dominant clay mineral in 
deeply buried argillaceous sediments. An increase in
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illite and decrease in montmorilIonite in deeply buried 
argillaceous sediments could indicate that certain ex­
pandable clay minerals begin to collapse and lose water 
as they are buried and squeezed by overburden pressure.
The result is the formation of a non-expandable clay 
mineral which was formed by a diagenetic process.
Other evidence indicated that a non-expandable 
clay mineral may be formed by a diagenetic process at 
depth since Rittenburg et al. (196 3) found very little 
change in the water content of clay sediments buried 400 
feet below the Pacific Ocean Floor and Hedberg (19 36) did 
not accept a change in the mechanics of shale compaction 
until depths of 6000 feet are reached. Skempton (1953) 
noted that there is a rapid decrease in the void ratio of 
clay sediments below depths of 5000 feet corresponding to 
what would be expected from the water escape curve for 
montmorillonite (Powers, 1967).
The use of overburden pressure as a tool to ex­
plain clay diagenesis was not accepted by van Olphen 
(196 3) who has shown experimentally and theoretically 
that absorbed water on a clay can not be entirely removed 
by overburden pressures under 65,000 psi at temperatures 
below 50°0* Steinfink and Beghart (1962) found that water 
could not be totally removed from a clay under pressures 
of 30,000 psi at low temperatures.
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Time
It is difficult to estimate the time it takes for 
a sediment to undergo a diagenetic change since the 
reaction rates involved in the process are variable and 
too complex to measure. The term "geologic time" be­
comes so qualitative that no information is transmitted by 
its use. Time on the order of a few million years is not 
considered to be a major factor in the diagenesis of 
sediments according to Burst (1959) and Powers (19 59). 
Boswell (1961) and this study have concluded that age 
alone has little to do with the diagenetic activity in 
sediments. Although several people have been critical of 
time as a factor in the diagenesis of sediment, it must 
be understood that any phase changes taking place in a 
sediment will depend upon the kinetics rtf the reactions 
involved. To this extent, diagenesis is time dependent.
Temperature and activity of dissolved ions
In 19 59, Burst hinted at the importance of the
geothermal gradient as the controlling factor in the
alteration of clay sediments. Later, he postulated (1967)
that temperature in the range of 90°C - 131°C was the
most effective dehydration agent producing diagenetic
changes taking place in clay sediments at depth. X-ray
diffraction data indicated that Gulf Coast sediments were
predominantly stable montmorilIonite clays until buried
oto a depth of 8000 feet at a temperature of 90 C. Beyond
this depth, mix-layering components of illite and mont- 
morilIonite become the major constituents in the sediment
At 13,000 feet and 131°C, a restricted zone of 
dehydration occurs and apparently implies that illite be­
comes the major clay mineral in the sediment. Thus, 
Burst's (1967) view on clay compaction associated with 
diagenesis is one in which interlayer water discharge is 
essentially dependent upon a temperature affected phase 
change wherein a montmorilIonite begins to dehydrate to 
a 10 A non-expandable clay mineral.
Khitarov and Pugin (1966) studied the effect that 
temperature and pressure have on the montmorilIonite- 
hydromica transition. Their work suggests that the loss 
of interlayer water occurs in the 130°C - 150°C interval 
at atmospheric pressures. This easily transforms the 
montmorilIonite phase to a hydromica if sufficient 
potassium is available.
Much attention has been given to ion exchange 
and the role that sea water has on the alteration of 
sediments in the marine environment. This work has been 
described by many geologists and their efforts can best 
be understood by reading: Whitehouse and McCarter (19 5B)
Carroll and Starkey (1958), Keller (1967), Larsen and 
Chillingar (1967).
The natural and experimental studies that have 
been conducted on the diagenesis of argillaceous sediment 
have yielded a great deal of thermodynamic data that can
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be applied to reactions involving minerals. The study 
of phase equilibrium and the effect that temperature, 
pressure, and ion activity have on mineral stability 
has been discussed by Hemley et al. (1959, 1961, 1964), 
Hess (1966), Garrels and Christ (1965), and Helgeson 
(1967, 1967a, 1969). Research of this kind has given the 
geochemist a fresh approach to the study of diagenesis 
which enables one to apply theoretical computations to 
experimental results.
In summary, a review of the literature indicates 
that the interpretation of mechanisms for diagenetic 
changes in argillaceous sediments has been conflicting, 
and sometimes misleading. A great deal of experimental 
research must be conducted before one can understand 
exactly what factors control the diagenetic processes in 
the natural environment.
Selection of Samples
The two samples used in this study were obtained 
from one of the major bays (West Bay) near the mouth of 
the Mississippi River (Figure 1) and were combined. The 
samples were bottom sediments obtained in 20 and 30 feet 
of water having a pH range of 7.9 to 8.2. These samples 
contained a high percent of montmorilIonite which repre­
sents much of the argillaceous sediment of the Louisiana 
Gulf Coast. Changes occuring in the mineralogy of the 
sediment during experimental diagenesis should represent
8
the changes taking place in many Gulf Coast argillaceous 
sediments as they are buried and subjected to higher 
temperatures and pressures.
A review of the literature Indicated that the 
sediments deposited in this area were composed mainly of 
clay minerals. The clay mineral distribution of this 
area has been discussed by Shepard (1956), Milne and 
Shott (1956), Milne and Earley (1958), and Griffin (1962). 
They have not only identified montmorilIonite as the pre­
dominant clay mineral in the sediments of the Mississippi 
River delta, but have discovered a transitional zone of 
mixing eastward from the mouths of the Mississippi R i ^ f  
to the Apalachicola River in Florida where the mont- 
morillonite suite changes to kaolinite.
Other evidence (Grim and Johns, 1953; Johns and 
Grim, 1958) indicates that montmorilIonite remains the 
dominant clay mineral westward along the Gulf Coast at 
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ANALYTICAL TECHNIQUES EMPLOYED
The analytical methods used in this investigation 
are briefly outlined and discussed below.
X-Ray Diffraction
The mineralogy of the sediment was determined by 
X-ray diffraction methods. Standards were run simultaneous­
ly with samples during the entire investigation to eliminate 
errors caused by instrumental drift.
Powdered samples were scanned from 2° to 83° two 
theta to detect the main mineral peaks in the sediment. 
Pellets with boric acid, sodium chloride, potassium 
chloride, and cellulose acetate as backing were scanned 
from 2° to 60° two theta. A qualitative description of 
the mineral assemblage in the sediment was obtained, but 
a good quantitative appraisal could not be expected since 
there is a major difficulty in determining the relation­
ship between x-ray peak intensity and weight percent.
Oriented slides of the <lp and <2v> particle size 
fractions were prepared from the sediment. The sedimenta­
tion rate used for determining the particle size of the 
sediment on the slides was estimated according to Stokes 
Law (Daniels, 1956; Tickell, 1965).
The sediment was dried and washed several times 
with distilled water before the oriented slides were
10
11
prepared. Hydrogen peroxide was added to the final 
washing to oxidize any organic material present. A con­
stant density of sediment on the slides was established 
by adding a constant weight of sediment to a constant 
volume of water during the final preparation of the 
slides.
One set of slides was air dried, glycolated, and 
heated to 550°C for 30 minutes. A second set was acid 
treated. All the slides were scanned from 2° to 2 8° two 
theta after each treatment. Standards were run simulta­
neously to reduce instrumental errors.
Variation in the area under the X-ray peaks 
produced by the minerals on the oriented slides was used 
to indicate relative changes in the concentration of the 
mineral phases under investigation. The relative percent 
of clay in the d p  and <2p size fractions were determined 
by comparing individual peak areas to total peak area on 
the glycolated samples. The total peak area includes the 
illite area plus the combined chamosite-kaoUnite area, 
plus one third of the total montmorilIonite area. The 
relative percent of montmorilIonite was determined from 
the area under the glycolated peak at 16.82A and the 
relative percent of illite was determined from the area 
under the peak at 10.28A. The chamosite + kaolinite 
relative abundances were determined from the area beneath 
the 7.13A peak on the glycolated samples. The relative 
percent of kaolinite was estimated from the ratio of the
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7.13A peak on the acid treated samples to the 7.13A peak 
on the glycolated samples. The chamosite relative 
abundance was determined by subtracting the kaolinite 
abundance from the combined kaolinite + chamosite relative 
abundances.
X-Ray Fluorescence
The Si, Al/ Ca, Fe, K , Ti , Mn, and Ni content in 
the original sediment was determined quantitatively by 
means of X-ray fluorescence. Instrument settings for the 
determination of each element are indicated in Appendix 1.
The preparation of standards and samples was based
on the technique of Rose et al. (196 3). All standards
were prepared in triplicate and counted three times to 
510 counts. Calibration curves prepared from rock 
standards were used to convert x-ray intensities to weight 
percent. Appendix 2 lists the weight percent of the 
accepted rock standards used in this investigation. The 
accuracy of this method is illustrated for each element 
in Appendix 3. The Ni content in the sediment was 
determined by a standard addition method using a Ni 
solution.
Atomic Absorption Spectrometry
Atomic absorption spectrometry was used to deter­
mine the Mg and Na content of the original sediment/ 
monitor the changes in the artificial sea water composition/
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determine the cation exchange of the sediment, and 
determine the composition of the feldspar from the 
pyrosulfate fusion analysis.
Preparation of the sediment for analysis is out­
lined in Appendix 4. A general discussion of atomic 
absorption is omitted since it is clearly outlined by 
Elwell and Gidley (1962) and Angino and Billings (1967).
Corrective methods were employed to remove chemical 
interferences in the Mg and Ca determinations. Lanthanum 
was added to the solutions when absorption analyses were 
made since Al and Si form complexes with Ca and Mg thus 
decreasing the absorption. Addition of excess lanthanum 
dissociates the complexes by forming a lanthanum complex 
which releases Ca and Mg to the flame (Willis, 1961; 
Billings, 1963, 1965; Jones, 1965).
Interference in K measurements due to ionization 
(Willis, 1960; Billings, 1965; Fishman and Downs, 19 66) 
was corrected by adding a spike to the test sample and 
comparing this with a test sample diluted to the same 
volume with distilled water. The ratio in ppm of the 
spike added to the spike found gives the necessary 
correction factor (Dean, 1960) . Nickel analyses were 
corrected for molecular absorption.
Colorimetric Spectrophotometry
The concentration of dissolved Si02 was monitored 
in the artificial sea water used during this investigation.
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A spectrophotometer was used and reagents and procedures 
for the analysis of SiOj were supplied by the Hach 
Chemical Company, Ames, Iowa.
The amino acid method was employed which produces 
a silicon molybdate blue complex in solution enabling 
one to determine the SiC>2 concentration by measuring the 
percent of absorption of the complex at 650mu. Calibra­
tion curves prepared with known concentrations of Si02 in 
distilled water were used to convert absorption intensities 
to a concentration in ppm.
Analytical results indicated that a lower percent 
of absorption occurred, for the same concentration of 
Si02, in salt water than in distilled water. This indicat­
ed that a 13% correction would have to be added to the 
SiC>2 concentration measured in the artificial sea water 
since the standards used were prepared in distilled 
water. This correction factor was used during the entire 
investigation.
Attempts were made to determine the amount of 
ferrous iron in the sediment according to methods 
employed by Shapiro (1960) . Poor results obtained by 
this method were attributed to the effects of organic 
matter in the sediment and the method was abandoned 
during the early course of this investigation.
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Turbidimetric Spectrophotometry
A spectrophotometer was used to measure the 
sulfate concentration in the artificial sea water. 
Reagents and procedures for this analysis were supplied 
by the Hach Chemical Company.
This turbidimetric method involved measuring the 
percent of absorption at 340mij caused by a barium sulfate 
precipitate. Calibration curves prepared from known 
concentrations of sulfate were used to convert absorption 
intensities to concentrations. The concentration of 
sulfate in the artificial sea water was determined from 
these calibration curves. Experimental results indicated 
that a correction factor was not necessary to allow for 
salt water interference.
Titrimetric
The method (Neglia, 1961) for estimating the 
sulfide in the sediment was based on the oxidation of 
sulfides by nitric acid. Titration with permanganate 
of the nitrous oxides absorbed by potash indirectly gave 
the percent of pyrite present in the sediment.
The bicarbonate content of the artificial sea 
water was determined titrimetrically using the technique 
of Rainwater and Thatcher (1960).
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Gravimetric
Organic carbon in the sediment was determined by 
the direct method of combustion. Procedures used were 
those of Furman (1960) with a slight modification in the 
maximum temperature (400°C) and time of experiment (30 
minutes). The carbon was determined by gravimetric 
analysis of carbon dioxide absorbed on ascarite. x-ray 
diffraction patterns taken before and after this treatment 
on the sediment indicated that the carbonates were still 
intact.
The total carbonate content was determined by 
treating the sediment with 6N HC1. The weight of evolved 
carbon dioxide absorbed by ascarite gave the total percent 
of carbonate in the sediment. Percent of dolomite was 
determined by the same method, (Vogel, 1961) following 
treatment of the sediment with acetic acid buffered at 
pH 6.3 which destroyed calcite. X-ray data indicated 
calcite and dolomite were the only carbonates present in 
the sediment.
Selective Dissolution Analysis
Potassium and sodium pyrosulfate fusion techniques 
were employed in this investigation following the directions 
of Kiely and Jackson (1965). The K, Na, and Ca concentra­
tions in the pyrosulfate residue were determined using 
atomic absorption. The concentration of these ions was
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converted to average weight percent of feldspar present 
in the residue from both procedures. (Appendix 5). The 
average percent of quartz and feldspar in the sediment 
(Table 2) was determined from the weight of the pyrosulfate 
residues and the weight of the original sediment used in 
the analysis. x-ray diffraction data on the final residue 
indicated that feldspar and quartz were the only minerals 
present.
Cation Exchange Capacity
The K and Mg cation exchange capacity as well as 
exchangeable K, Ca, Na, and Mg were measured on one gram 
samples of the sediment. The sediment was washed several 
times with distilled water and dried at 100°D before it 
was treated with a IN ammonium acetate solution buffered 
at pH 7 employed according to the techniques used by 
Jackson (1958). The K, Na, Ca, and Mg concentrations 
in the acetate solution were determined by atomic absorp­
tion techniques. These values were then changed to 
milliequivalents per 100 gms.
The sediment was again washed, dried at 100°C, 
and independently treated with IN solutions of KC1 and 
MgCl2 < Ammonium acetate was again used to extract the 
K and Mg from the sediment. The Mg and K concentration 
in the separate acetate solutions was determined by atomic 
absorption. The millequivalents of these ions per 100
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gms. of sediment represented the Mg and K exchange capacity 
of the sediment, respectively.
EXPERIMENTAL
Equipment
Two Parr Model 4011 bombs with a 1000 ml. capacity, 
400°C, and 7000 psi range were used in this investigation.
A description of the apparatus is given in Appendix €. 
Details on the instrument can be obtained from the Parr 
Instrument Company, Moline, Illinois. The bomb chamber, 
breather tubes, safety head, and gauge block were manu­
factured from Monel alloy. This reduces the corrosion 
from salt solutions at high temperatures. A survey of 
the literature indicated that this study was the first 
to use the rocker-type pressure-temperature controlled 
apparatus manufactured by the Parr Instrument Company for 
the study of mineral changes under hydrothermal conditions.
Preliminary Investigation
Several studies were conducted with the experiment­
al equipment before a sample run was undertaken.
Known volumes of distilled water were added to the 
bombs and the vapor pressure produced by water was 
measured as the temperature was increased. The results 
(Appendix 7) indicate that pressures greater than 300 psi 
can not be generated in this system at temperatures below 
200°C unless the volume of water used in the bomb is
19
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greater than 700 ml. If one wishes to duplicate the 
burial of sediment with increased pressure at temperatures 
below 200°C, then additional pressure must come from a 
source other than vapor pressure created in the bomb.
Distilled water and artificial sea water were 
added to the bombs and the pH of the extracted water was 
measured at bomb temperatures of 100°C and 200°C. The 
temperature of the water was taken as it was extracted 
from the bombs and the pH was measured at that temperature. 
The pH was monitored for 36 hours and the results (Appendix 
8) indicate that the ionization constant of the water at 
the bomb temperatures studied was stable enough to be 
accurately measured within 10 minutes after its extraction 
and centrifugation. Results indicate that at the tempera­
tures studied the ionization constant found by this 
experimental method is slightly different from the one 
indicated by Krauskopf (1967). This error (1%) was 
assumed constant during the entire investigation and a 
correction factor was not employed.
Procedure
Six different experimental runs were used in this 
study. Each design calls for a given weight (<200 mesh) 
of air dried sediment to be placed in a known volume of 
artificial sea water and allowed to react at a given 
temperature for a variable period of time. The physical
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conditions for each experimental run are outlined in 
Table 1. These experimental runs will be discussed 
according to their designated notation (Table 1) through­
out the remainder of this paper. The notation used for 
each experimental run is indicated by a code which gives 
in order the temperature, sediment load, and time in­
volved in each experimental run. The water preparation 
indicates the water composition (Table 3) initially used 
in each investigation.
Other than the initial short run (11-10-18)r 
argon was used as the atmosphere since it was assumed 
that buried sediments contained no air in the pores.
Each sample in the bomb was flushed with argon for 30 
minutes prior to the start of an experimental run. The 
argon gas was introduced through the lower needle valve 
(B) of the gauge block illustrated in Appendix 9. The 
upper needle valve (A) was opened to allow the lighter 
air to escape. Both valves were closed before the bombs 
were subjected to higher temperatures.
The bombs were rocked for a period of 30 minutes 
each day. Water samples (2 to 8 ml.) were extracted 
from the bomb on certain days prior to agitation. These 
samples were collected in a polyethylene bottle connected 
to the lower valve (B) of the gauge block by a polyethylene 
tube. The needle valve was opened and the internal 
pressure in the bomb forced the water and a small amount 
of sediment into the container. A metal container

















1-100-130 100 ± 5° 100 130 500 Argon <100 2
1-50-139 100 ± 5° 50 139 500 Argon <100 2
1-10-146 100 ± 5° 10 146 500 Argon <100 1
11-10-127 200 ± 5° 10 127 500 Argon <300 2
11-10-37 200 ± 5° 10 37 500 Argon <300 1




inserted in the lower needle valve (B) on the gauge block 
(Appendix 9) would have to be used to collect water 
samples if higher pressures and temperatures were used.
The pH and composition of the extracted water was 
measured after it was centrifuged. This reduced any 
errors in these measurements that might be caused by 
colloidal particles. Solid material accumulated during 
centrifugation was discarded.
Precision and Contamination
The precision of the analytical determinations 
is listed in the tables and appendices with the appropriate 
analysis. The following abbreviations are used to 
represent the statistical notations for the precision 
measurements:
(X) * mean
(S.D.) » first standard deviation
(N.) ■ number of samples analyzed
(C.v.) » coefficient of variation
The standard deviation was calculated by the
formula:
2 2 S.D. - EX± /N - (IXa /N)
where * value of the ith sample (i - 1, 2, ... N ) .
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The coefficient of variation has been taken at 
one standard deviation by the formula:
x 100 - (C.v.)
X
The artificial sea water was analyzed for nickel 
after each experimental run (Appendices 10-15) to deter­
mine the degree of corrosion in the bomb. The nickel 
concentration in the water ranged from 10 ppm at 100°C to 
20 ppm at 200°C. The nickel may interfere with the pH 
measurements since a possibility of Ni(OH)2 precipitation 
may exist.
X-ray flourescence analysis indicated the nickel 
content in the sediment from experimental run (1-100-130) 
was 1100 ppm. This was 1000 ppm greater than the nickel 
cx>ntent found in the original sediment which was not 
enough to interfere with the experimental results in 
terms of creating an identifiable mineral phase.
SAMPLE PREPARATION AND ANALYSIS
Preparation
A Chipmunk Jaw crusher was used to break the air 
dried samples down. They were passed through a 120 mesh 
sieve and mixed for one week on a Fisher-Kendall mixer.
The <200 mesh fraction was placed in a dessicator 
for 2 days prior to investigation.
Argillaceous Sediment Analysis
The argillaceous sediment (<200 mesh) had the 
composition outlined in Table 2. An x-ray diffraction 
pattern of the original sediment (Figure 2) indicates the 
minerals present. The relative weight percent of each 
clay in the <lu and <2u size fraction is outlined in 
Tables 4 and 5. Calculations made from the data in 
Tables 4 and 5 indicate that the sediment contained 
approximately 46% montmorilIonite, 17% illite, and 12% 
kaolinite. Between 15 and 40% of the illite was 
randomly mixed-layered with the montmorillonite according 
to the empirical method used by Jonas and B r o w  (1959).
The major non-clay minerals were quartz (^15%) 
and feldspar (^7%). The 6.46A peak and 4.02A peak 
found on several of these x-ray patterns and on the pyro­
sulfate fusion residue patterns indicated the presence
25
Table 2. Chemical and Mineralogical Analysis of Argillaceous Sediment
(Water-Free Basis)




































































































































______ (S.D.)__________(C.V.)_______ Type of Analysis
Table 2 (continued)
Exchangeable
Ions (N) meq. X 100 gms. (S.C.) (C.V.) Type of Analysis
Na+ 10 23.80 .86 3.61 Atomic
Absorption
Ca++ 9 14.50 1.00 6.89 Atomic
Absorption
K+ 9 8.75 1.06 12.11 Atomic
Absorption




10 55.32 1.47 2.65 Atomic
Absorption
u ++mg Exchange 
Capacity




I  -  U li te  
K -K ao lin ite  
M -M o n tm o r i l  Ionite  
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Figure 2 . X-Ray Diffraetoqram - (Original Sediment)
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of microcllne (^6%) and low albite (^1%) (Wright and 
Stewart, 1968). Dolomite (<2%) and calcite (<1%) were 
present in minor amounts. Gypsum was tentatively 
identified in some samples.
Sodium was the most abundant exchangeable ion in 
the sediment followed by Ca, K, and Mg (Table -). The 
magnesium exchange capacity was greater than the potassium 
exchange capacity of the sediment.
Artificial Sea Water Analysis
The sea water for this investigation was prepared 
according to the recipe given by Harvey (1960). Two 
separate preparations of artificial sea water were used 
as standards and each was analyzed several times in 
order to establish an average composition. The chemical 
analysis of the artificial sea water is outlined in Table 
3. The results illustrate the difficulty encountered in 
trying to prepare identical batches of standard sea water 
since the mean concentrations of all elements differ by 
more than one analytical standard deviation.
Table 3. Chemical Analysis of Artificial Sea Water
Preparation 1 Preparation 2
Analysis (N) X (ppm) (S.D.) (C.V.) (N) X (ppm) (S.D.) (C.V.)
pH 4 8.2 0 0 4 7.9 0 0
HC03' 3 140 0 0 2 140 0 0
Mg++ 7 1341 18.6 1.38 7 1607 53.5 3.32
+K 7 391 4.3 1.09 7 352 4.8 1.36
Na+ 7 10614 69.0 .65 7 10057 113.3 1.12
Ca++ 7 407 4.8 1.17 7 529 4.4 .83
S04" 7 2618 19.5 .74 7 2560 5.7 .22
EXPERIMENTAL RESULTS: LIQUID PHASE
The ionic composition and pH of the artificial sea 
watt: was monitored during the course of each experimental
run. The results (Appendices 10 - 15) are illustrated in 
this section by Figures 3 - 1 0 .  The maximum range of 
experimental error is given or these figures and was 
determined from two samples extracted from the bomb within 
five minutes of each other.
pH
The pH (Figure 3) of the liquid initially 
decreased to a minimum as the sediment was subjected to 
higher temperatures. As the minerals in the sediment 
continued to react with the sea water, the pH slowly 
increased to a level at which it began to stabilize.
Initial decreases in the pH of the solution were 
controlled by the sediment load and temperature. The 
decrease in pH was not as great at lower temperatures 
(100°c) and with increased sediment loads as it was at 
higher temperatures (200°C). The pH stabilizes at 100°C 
faster than it did at 200°C. This near equilibrium pH 
was 6.2 at 100°c and 5.1 at 200°C. The sediment load did 
not have a major effect on the final pH at 100°C.
Experimental run (11-10-18) indicated that the 
initial drop in pH was much slower in the presence of air
33
8.0
In it ia l  pH
1-100-130 7 9
1-50-139 7 9 
1- 10-146 8 2
11-10-127 7 9 
11-10-37 8 2 
11-10-18 8.2
1-100-130
—= * i -------*1-50-139









Figure 3. Changes in pH
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than in the presence of argon.
The decrease in pH of the solution can be 
partially attributed to the lowering of the ionization 
constant of water at high temperatures (Krauskopf, 1967) 
and primarily to the precipitation of a chlorite type 
mineral at high temperatures from a silicate mineral 
assemblage associated with sea water (Helgeson, 1967a;
Table 7). Hemley and Jones (19 64) indicate that the 
supply of H* ions furnishes the initial chemical potential 
for a given silicate mineral assemblage to approach 
equilibrium with a solution at higher temperatures.
Silica
The soluble Si02 concentration fluctuated (Figure 
4) below the saturation point of quartz (^280 ppm at 200°C 
and ^80 ppm at 100°C) during the early stages of the 
experimental runs. As equilibrium was approached, it 
stabilized near the solubility of quartz. These 
fluctuations in the concentration indicate that soluble 
silica plays a role in the precipitation and destruction 
of silicate minerals during diagenesis. Increases in 
the sediment load at 100°C did not affect the concentration 
of soluble silica during diagenesis.
Observations made on the silica concentration 
found in Salton Sea geothermal brine at 300°C indicated a 
concentration of dissolved Si02 near the saturation point 
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Figure 4. Changes in Dissolved SiC>2 Concentration
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Fournier and Rowe (1966) discovered that the solubility 
of quartz at depth was the major controlling factor in 
the silica concentration of hot spring pools.
White et al. (1956) and Ellis and Mahon (1967),
(Ellis, 1968) have observed silica concentrations 
exceeding the saturation of quartz under natural hydro­
thermal conditions. This may result from the solution 
of amorphous silica or from an increase in water vapor 
pressure (Fournier, 1967).
Sodium
Changes in the sodium concentration of the fluid 
phase can be observed in Figure 5. The original 
preparations of sea water varied by 600 ppm. The sodium 
concentration increased in experimental runs (1-100-130) 
and (1-50-139). Experiments using 10 gms. of sediment 
demonstrated no change in the sodium concentration beyond 
analytical error.
Potassium
The potassium concentration initially decreased, 
fluctuated, and increased during runs that contained 
10 gms. of sediment. (Figure 6) Charges containing 50 
and 100 gms. showed a steady rate of increase in the 
potassium concentration of the solution and a greater 
overall increase as the sediment to fluid ratio was 
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Figure 6. Changes in Dissolved Potassium Concentration
u>U3
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potassium with increase in sediment load may be the 
key to providing the chemical potential necessary to 
precipitate or stabilize a potassium-rich solid phase 
during diagenesis. The potassium concentration was not 
affected by temperature.
X-ray analysis after an experimental run indicated 
that feldspar and mixed-layered illite in the original 
sediment were destroyed and illite was formed. The 
formation of illite would account for the lower con­
centrations of potassium in the artificial sea water than 
one would predict from the destruction of all the potassium 
phases present in the sediment.
Calcium
The calcium concentration fluctuated above and 
below the original concentration in the artificial tea 
water. (Figure 7) The calcium concentration tends to 
increase and stabilize during the later stages of each 
experimental run indicating equilibrium with respect to 
the calcium phases.
X-ray diffractograms (Appendices 28 - 31) indicate 
that calcite is present after each experimental run.
Gypsum was present at 100°C and destroyed at 200°c. The 
final concentration of calcium in each experimental run 
was near saturation or saturated with respect to calcite 
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Figure 7. Changes in Dissolved Calcium Concentration
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Magnesium
The magnesium concentration (Figure 8) increased, 
decreased, and stabilized below the original concentra­
tion of artificial sea water when a low sediment to water 
ratio was used. An increase in the sediment load 
resulted in a decrease in the magnesium concentration 
before it stabilized below the original concentration. 
Neither temperature nor the initial concentration of 
magnesium in sea water affected the loss of magnesium in 
solution since experimental runs (1-10-146) and (11-10- 
127) indicate approximately the same loss in magnesium 
before its concentration stabilized.
The loss of magnesium from the sea water is 
assumed to result from the precipitation of a chlorite 
type mineral as is suggested in a theoretical basis by 
Helgeson (1967a) and Helgeson et al. (1969a). The 
magnesium lost is not sufficient to account for the 
entire increase of chamosite or chlorite detected by 
x-ray diffraction.
Iron
The artificial sea water did not contain iron, 
thus, changes in the iron concentration were due to the 
iron present in the original sediment. The iron 
concentrations recorded on Figure 9 are maximum values 
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The concentration of iron was <25 ppm at 200°c and 
<15 ppm at 100°C.
Sulfate
The sulfate concentration in the solution 
stabilized below the concentration of the original sea 
water (Figure 10). Sulfate decreased as the sediment 
to sea water ratio was increased at 100°c. A larger 
decrease in the sulfate concentration was observed at 
200°C than at 100°C. The final concentration may have 
been caused by the precipitation of either sulfide or 
sulfate minerals. Neither the sulfate or sulfide content 
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EXPERIMENTAL RESULTS: SOLID PHASES
Clay Minerals
X-ray diffraction peaks of the clay minerals pro­
duced after an experimental run were sharper than those 
found in the original sediment. (Appendices 16 - 27)
This may indicate that clay minerals adjust to higher 
temperatures by increasing the degree of ordering or 
crystallinity.
Amorphous material was identified in the size 
fractions studied by an increase in the amplitude of the 
baseline on the diffractograms as the angle two theta 
increased. Glass slides could produce this effect but 
were ruled out after testing.
An increase in temperature produces a shift in 
the montmorillonite peak (air dried) from 12.62A in the 
original sediment to a maximum of 14.73A in the experi­
mentally treated sediment. This shift may indicate a 
change to a calcium-rich montmorillonite or the partial 
construction of a chlorite-like interlayer hydroxide 
sheet.
The relative percent of montmorillonite decreased 
in the <lii fraction (Table 4) as the sediment to sea 
water ratio was increased. No change in the <2p fraction 
at 100°C could be determined. (Table 5) An increase in
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Table 4. Relative Per Cent of Clay (<ly) Pound in the Argillaceous






Areas (X)« (S.D.) (C.V.)
Original Sediment M 4 68.05 1.01 1.48
I 4 15.92 .45 2.82
K + C 4 16.02 1.01 6.30
K 4 15.60 .28 1.79
1-100-130 M 3 58.00 1.15 1.98
I 3 28.73 .72 2.50
K + C 3 13.26 .80 6.03
K 3 trace — —
1-50-13? M 3 57.90 1.85 3.19
I 3 30.33 1.78 5.86
K + C 3 11.76 .30 2.55
K 3 trace - —
1-10-146 M 3 69.9 3 1.23 1.75
I 3 15.26 1.59 10.41
K + C 3 14.80 .98 6.62
K 3 1.26 .05 3.96
11-10-127 M 3 64.93 .98 1.50
I 3 14.50 0.00 0.00
K + C 3 20.56 .98 4.76
K 3 2.10 0.00 0.00
M » Montmorillonite I * Illite K + C - Kaolinite + Chamosite K = Kaolinite
Table 5. Relative Percent of Clay (<2u) Found in the Argillaceous






Areas <X)% (S.D.) (C.V.)
Original Sediment M 4 62.32 .74 1.18
I 4 21.05 .54 2.56
K + C 4 16.65 .54 3.24
K 4 16.65 .54 3.24
1-100-130 M 3 63.23 2.05 3.24
I 3 25.60 .60 2.34
K + C 3 11.16 1.45 12.99
K 3 trace — -
1-50-139 M 3 62.43 1.89 3.02
I 3 25.40 1.73 6.81
K + c 3 12.10 1.34 11.07
K 3 trace — —
1-10-146 M 3 66.06 1.11 1.68
I 3 10.33 .68 6.58
K + c 3 23.60 .43 1.82
K 3 1.36 .11 8.08
11-10-127 M 3 79.03 .57 .72
I 3 8.26 .40 4.84
K + c 3 12.70 .17 1.33
K 3 .73 .05 6.84
M = Montmorillonite I * Illite K + C = Kaolinite + Chamosite K * Kaolinite
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temperature from 100°C (1-10-146) to 200°C (11-10-127) 
resulted in a decrease in the relative percent of mont­
morillonite in the <lp fraction and a substantial increase 
in the <2u fraction as equilibrium was approached.
A shift was detected in the illite peak from 
10.2 8A in the original sediment to 10.04A in the 
experimentally derived sediment. (Appendices 16 - 27)
This shift could indicate the breakdown of a mixed- 
layered illite or potassium fixation and the loss of 
expandability at higher temperatures. The relative per­
cent of illite (10.04A) in the <ly and <2u fraction of 
the sediment increased at 100°C as the sediment to sea 
water ratio was increased (Tables 4 and 5). The 
relative percent of illite in both size fractions de­
creased at 200°C (Table 4 and 5, 11-10-127).
Kaolinite (7.13A) was essentially destroyed in 
both size fractions as the temperature, reaction time, 
and sediment load was increased in the experiment.
A chamosite mineral (7.13A) was precipitated 
during each experimental run. (Appendices 16 - 27)
The relative amount of chamosite precipitated in the 
<2y and <lp fraction decreases at 100°C as the ratio of 
sediment to sea water increases in the experiment. An 
increase in temperature from 100°C to 200°C produces 
more chamosite in the <lu fraction and less chamosite 
in the <2y fraction (Tables 4 and 5). Differences 
between the glycolated and acid treated 7.13A peak has,
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up to this point, been assigned to chamosite. The basis 
for this assignment has been the general lack of a strong 
7.13A peak on the heat treated samples. A very weak 7.13A 
peak and a relatively strong 13.98A peak on some of the 
heat treated samples suggest the presence of chlorite 
(Grim, 1968). These samples are the 10 gm. samples. 
However, Rohrlich et al. (1969) indicated heat treatment 
of chamosite at 550°c may leave a residual 7.07A peak 
with no corresponding increase in the 14A peak. This 
means that the minor 7.13A peaks used here may represent 
chamosite. The presence of chamosite is further suggested 
by the strong 2.68A peak in the experimentally derived 
sediment. (Appendices 30 - 32)
An increase in nickel content was observed in the 
sediment. The nickel ion readily enters the octahedral 
layer of layer-silicates and causes their precipitation 
in solution, Siffert (1962). Brown (1961) discusses the 
possibility of nickel chlorite formation and it was 
assumed that most of the nickel found in the experimental 
sediment was concentrated in the clay minerals.
Feldspar
The feldspar in the original sediment was 
essentially destroyed during the experimental process. 
(Appendices 28 - 32) Experimental run (11-10-37) at 
200°C indicates a decrease in the feldspar composition of 
the sediment after only 37 days (Appendix 32).
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Hemley and Jones (1964) suggested that the feld­
spar reacts with kaolinite to produce a hydromica in 
concentrated solutions of potassium and sodium. Helgeson
(196 7) used mass transfer calculations to predict a loss
oof potassium feldspar as it reacts In sea water at 300 C 
with other minerals of an arkose. Weathering and hydro- 
thermal studies described by Garrels (1959) and Garrels 
and Christ (1965) suggest that kaolinite and illite are 
formed by the decomposition of feldspar.
Quartz
Quartz remained in the sediment throughout the 
entire investigation. (Appendices 28 - 32) It was 
difficult to determine from the diffractograms whether or 
not quartz increased or decreased. The dissolved Si02 
concentration stabilized near the saturation value for 
quartz.
Carbonates
Traces of calcite can be detected on the 
diffractograms after an experimental run. (Appendices 
2 8 - 32) Unfortunately, the sediment was not washed 
sufficiently after experimental runs (1-10-146, 11-10-127, 
and 11-10-37) and a halite peak interfered with the 
dolomite peak. The fluid phase data indicate saturation 
or near-saturation with respect to calcite and over­
saturation with respect to dolomite.
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Levinson and Vian (196 6) and Coomes (1960) have 
synthesized clay minerals hydrothermally from quartz,
okaolinite and carbonate minerals at temperatures of 175 C 
and 300°C in a few weeks.
Gypsum
Gypsum was identified in the experimental sediment 
at 100°C but not identifiable at 200°C.
Cation Exchange
The following points can be discerned from the 
data in Table 6 as the sediment load increases at 100°C:
(a) Exchangeable sodium decreases;
(b) Exchangeable calcium decreases;
(c) The Na+/Ca++ exchange ratio increases;
(d) Exchangeable potassium increases;
(e) Exchangeable magnesium is constant but 
greater than the original sediment;
(f) Potassium exchange capacity decreases;
(g) Magnesium exchange capacity decreases;
(h) Sum of the exchangeable ions decreases.
Some of the above changes may be due to decrease
in amorphous material, smaller quantity of clay, increase 
in crystallinity, or formation of more clay with a lower 
exchange capacity.
All of the above are consistent with the pre­
viously suggested formation of illite and chamosite and.
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perhaps, the destruction of some montmorillonite.
The ratio of exchangeable Na+/Ca++ decreases 
with increased temperature which may reflect the formation 
of a calcium rich montmorillonite at higher temperatures.
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Table 6 . Cation Exchange and Exchangeable 
Ions After Experimental Runs
Experimental Run (I-100-130)
Exchangeable
Ions (N) meq. X 100 gms. (S .D .) (C.V.)
Na+ 3 19.06 . 75 3.93
Ca++ 3 9.71 .48 4.94
K+ 3 10.66 . 84 7.87
Mg++ 3 6.53 .30 4.59
K+ Exchange 
Capacity 3 54.06 .92 1. 70
Mg++ Exchange 
Capacity 3 55.00 1.60 2.90
Experimental Run (I-50-139)
Exchangeable
Ions (N) m e q. X 100 gms. (S .D .) (C.V.)
Na+ 3 20 .53 1.10 5.35
Ca++ 3 10 .46 .94 8.98
K+ 3 9 .88 .43 4. 35
Mg++ 3 6 .33 . 41 6 .47
K+ Exchange 
Capacity 3 54.80 .86 1.56
Mg++ Exchange 





Ions (N) meg. X 100 gms. (S.D.) (C.V.)
Na+ 2 23.00 1.83 7.95
Ca++ 2 15.00 .70 4.66
+K 2 5. 30 . 70 13.20
Mg++ 2 6 .40 .28 4. 37
K+ Exchange 
Capacity 2 56.10 .42 .74
Mg++ Exchange 
Capacity 2 62.50 3.53 5.64
Experimental Run (11-10-127)
Exchangeable
Ions (N) meg. X 100 gms. (S.D.) (C.V.)
Na+ 2 21.45 .91 4.24
Ca++ 2 19. 50 .70 3.58
K+ 2 4 .70 .56 11.91
Mg++ 2 7.10 . 42 5.91
K+ Exchange 
Capacity 2 58.55 .49 .83
Mg++ Exchange 





Ions (N) meg. X 100 gms. (S.D.) (C.V.)
Na+ 2 20.85 1.20 5.75
Ca++ 2 17.90 .70 3.91
K+ 2 6.75 .49 7. 25
u ++Mg 2 4.80 .28 5.83
K+ Exchange 
Capacity 2 57.65 . 35 .60
Mg Exchange 
Capacity 2 65.70 2. 40 3.65
THERMODYNAMICS OF THE EXPERIMENTAL SYSTEM
The problem of relating the experimental mineral 
assemblage with an equilibrium mineral assemblage depends 
on whether equilibrium has been reached. Near-equilibrium 
was assumed since the activity ratios (ion-hydrogen) in 
solution tended toward constancy. (Figure 11, Appendices 
34 - 37) This situation could, also, result from meta­
stability. If the assumption of near-equilibrium is 
correct, then theoretical data and experimental data 
should agree.
Two-dimensional activity diagrams (Figures 12 - 2 3) 
have been constructed to point out the thermodynamic 
relationship that exists between the fluid phase and 
minerals in the argillaceous sediment during diagenesis.
The calculated equilibrium constants for the field 
boundaries of these minerals are summarized in Table 7. 
These equilibrium constants were derived from thermo­
dynamic data compiled by Helgeson (1969) (Appendix 33).
An example calculation of an equilibrium constant 
at 100°C is given for the first reaction in Table 7.
Log K
100°C No. Reaction
52.08 (1) Chi + 16H+ - 15 Mg++ + 2A1+++ + 3H4Si04 + 6H20
-3.08 (2) Qtz + 2H20 - H4Si<>4
-.32 (3) Ksp + 4H+ + 4H20 - K+ + Al+++ + 3H4Si04
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Adding equations (1 - 3)
(1) Chi + 16H+ » 5Mg++ + 2A1+++ + 3H4Si04 + 6H20
(2) 3Qtz + 6H20 - 3H4Si04
(3) 2K+ + 2Al+++ + 6H4Si04 * 2Ksp + 8H+ + 8H20
Chi + 2K+ + 3Qtz + 8H+ * 5Mg++ + 2Ksp + 8H20 
log Kr , 100°C log + 3 log K2 - 2 log K 3 
log Kr, 100°C - 52.08 + 3(-3.08) - 2(-.32> 
log Kr , 100°C - 52.08 - 9.24 + .64 
log Kr , 100°C » 43.48
Kr , 100°C - ( M g ^ ) 5 (K.p)2 t H g lf
(Chi) (K+ )J (Qtz) (H+ )8
log Kr / 100°C = 5 log aMg++ _ 2 log aK+
H
— 3----------------- *  ± * * 3  - —aZ~+ aH+
Hess (1966) and Helgeson (1967) approach the 
calculation of equilibrium constants in the same manner 
with one exception. Helgeson assumes that quartz is 
always present as a solid phase in a given silica 
equilibrium assemblage and therefore is not concerned with 
the soluble Si02 concentration is solution. Hess includes 
the soluble Si02 concentration in his calculations. Both 
techniques could be used to calculate a given mineral 
assemblage, but different equilibrium constants would 
result. This author used the method outlined by 
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Figure 11. Changes in Activity Ratios of Dissolved Constituents-Experimental Run (1-100-130)
Table 7. Summary of Field Boundaries and Calculated Equilibrium Constants 
for the Experimental System
Reaction log Kr, 100°C log Kr, 200°C
Chi + 2K+ + 3Qtz + 8H+ = 5Mg++ + 2Ksp + 8H2O 43.48 32.32
3Chl + 2K+ + 28H+ » 2Mica + 3Qtz + 15Mg++ + 24H20 149.54 113.88
Chi + 10H+ - Kaol + Qtz + 7H20 + 5Mg++ 52.88 40.26
7Chi + 2Na+ + Qtz + 68H+ - 6NaM + 35Mg++ + 56H20 359.85 275.65
Chi + 2Na+ + 3Qtz +■ 8H+ « 2Alb (L) + 5Mg++ + 8H20 39.88 30.00
7Chl + Ca++ + Qtz + 68H+ * 6CaM + 35Mg++ + 56H20 361.37 279.94
6CaM + 7H20 + 2H+ - 7Kaol + 8Qtz + Ca++ 8.79 1.88
6NaM + 7H20 + 2H+ = 7Kaol + 8Qtz + 2Na+ 11.04 5.44
2Mica + 3H20 + 2H+ = 3Kaol + 2K+ 9.10 6.90
7Alb(L) + 6H+ = 3NaM + lOQtz + 6Na+ 39.88 33.19
3Ksp + 2H+ = Mica + 6Qtz + 2K+ 9.55 8.46
7Mica + 12Qtz + 3Na+ + 4H+ = 9NaM + 7K+ 15.29 15.99
Ksp + Na+ = Alb (L) + K+ -1.80 -1.16
2lKsp + 3Na+ + 18H+ = 9NaM + 21K+ + 30Qtz 82.14 75.22
Table 7 (continued)
Reaction log Kr, 100°C log Krf 200°C
14Mica + 24Si02 + 3Ca++ + 8H+ = 18CaM + 14K+ 37,33 42.66
6CaM + 2Na+ = 6NaM + Ca+ -2.25 -3.56
42Ksp + 3Ca++ + 36H+ = 18CaM + 42K+ + 60Qtz 171.03 161.10
14Alb(L) + 12H+ + Ca++ = 6CaM + 20Qtz + 14Na+ 82.23 69.94
LEGEND 
(a H20 = 1)
Chi = Chlorite (Mg5Al2Si30io (OH) g Alb (L) = Low Albite (NaAlSi30g)
Qtz = Quartz (SiO.) NaM = Sodium MontmorilIonite
<Na.33Al2.33Si3.67°10Ksp - Microcline (KAlSi^Og)
CaM = Calcium Montmorillonite 
Mica = Illite (Kal3Si3010(OH)2) <Ca.167Al2.33si3.67°10(0H)2]
Kaol = Kaolinite (Al2Si205(OH)4)
(Calculated from thermodynamic data (Helgeson 1969))
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since quartz remained a solid phase.
The field boundaries are subject to various 
uncertainties and the following assumptions were made to 
relate the theoretical calculations to the experimental 
results.
The effect of solid solution and mixed-layering 
on the phase boundaries has been neglected. A first 
approximation of the solid solution error is outlined on 
Figure 12 by a dotted line. The random and mixed- 
layered minerals can behave thermodynamically as single 
phases or as polyphase aggregates. (Zen, 1962)
Computed activity coefficients for ions at 
temperatures above 25°C are not reliable. Helgeson (1967) 
reported that corrected values for higher temperatures 
are slightly smaller than those calculated by Garrels 
and Thompson (1962) and used here.
The ionic activity ratios defining the field 
boundaries in Figures 1 2 - 2 3  were calculated on the 
assumption that the activity of water is unity in the 
solution phase at 100°C and 200°C. Helgeson (1967) 
indicates uncertainties introduced by this assumption 
are negligible.
Potassium mica was used as the phase representing 
illite in this study. The two minerals have different 
equilibrium constants (Helgeson,1969) but as the 
temperature increases from 25°C to 300°C, these constants
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Figures {12 fc 13). Activity Diagrams Demctina Silicate Phase Relations in the 
Experimental System at 1Q0°C. (The solid round svmbol represents the final 
composition of the fluid. The dashed line represents the approximate reaction 
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Figures (14 4 15). Activity Diagrams Depictinq Silicate Phase Relations in the 
Experimental System at 100°C. (The solid round symbol represents the final 
composition of the fluid. The dashed line represents the approximate reaction 
path of the fluid as it approaches equilibrium with a given mineral assemblage.)
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Figures (16 6 17), Activity Diagrams Depitinn Silicate Phase Relations in the 
Experimental System at 100°c, (The solid round symbol represents the final 
composition of the fluid. The dashed line represents the approximate reaction 
path of the fluid as it approaches equilibrium with a given mineral assemblage.)
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approach each other at a logarithmic rate. Kramer (196 8), 
Helgeson (1969) and Reesman and Keller (1967) indicated 
that the free energy of formation of illite at 25°C changes 
as its chemical composition changes. It was impossible 
to use a standard free energy value for illite in this 
investigation since its chemical composition was not 
known and its free energy of formation could not be 
calculated for higher temperatures from thermodynamic 
data available at 25°C.
X-ray diffraction data revealed the presence of 
chamosite. The principal Mg-phase used in Figures 12 - 
23 was chlorite because it is structurally similar to 
chamosite and because thermodynamic data exist for chlorite. 
Chamosite is probably iron-rich but the effect of solid 
solution on the phase boundaries has been neglected.
The slopes of the field boundaries and the 
reaction paths of the solution (Figures 12 - 23) should 
be independent of temperature except for the effect of 
solid solution (Helgeson 1967, 1967a and Helgeson et al. 
1969a). Stability fields are not independent of 
temperature.
An increase in pressure on this system at the 
temperatures studied may have little effect, if any, on 
the silicate field boundaries under consideration (Hawkins 
and Roy 196 3) since the silicate reactions involved do 
not include a gas phase. Pressures from 15,000 psi to 
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Figures(18 t 19). Activity Diagrams Depictinq Silicate Phase Relations in the 
Experimental System at 200°C, (The solid round symbol represents the final 
composition of the fluid. The dashed line represents the approximate reaction 
path of the fluid as it approaches equilibrium with a given mineral assemblageJ
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Figure (20 & 21) . Activity Diagrams Depicting Silicate Phase Relations in the 
Experimental System at 200°C. (The solid round symbol represents the final 
composition of the fluid. The dashed line represents the approximate reaction 
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figures(22 & 23). Activity Diagrams Depictinq Silicate Phase Relations in the 
Experimental System at 200°C. (The solid round symbol represents the final 
composition of the fluid. The dashed line represents the aporoximate reaction 
path of the fluid as it approaches equilibrium with a given mineral assemblage.)
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equilibria (Hemley 1959).
The reaction paths of the solutions seem to agree 
with those proposed by Helgeson (1967, 1967a). The pH 
values measured in this investigation are slightly higher 
than those proposed by Helgeson (1967). Helgeson did not 
take iron into account in the mass transfer calculations.
The presence of iron in the system would have a tendency 
to raise the pH of the solution due to the hydrolysis of 
its soluble hydroxide. This may partially explain why 
the final composition points do not coincide with phase 
boundaries. Hemley and Jones (1964) conducted a 
systematic study of mineral equilibria involved in 
hydrolysis reactions and referred to hydrogen meta­
somatism as the key to hydrothermal alteration of silicate 
minerals. The reaction paths in this experiment depend 
strongly upon the changes in the hydrogen ion concentration.
The log activity ratios of the dissolved con­
stituents in the fluid (e.g. log aNa+/aH+) were initially 
affected by temperature and increased sediment load. A 
sudden drop in the activity ratios occurred within 5 
days after an experimental run was initiated. (Figure 11, 
Appendices 34 - 37). As the fluid approached equilibrium 
with a given mineral assemblage, the activity ratios 
of the dissolved components in the fluid rose and 
stabilized. The final activity ratios of each experimental 
run was in the order K+ <Na+ <Ca++ <Mg+ + . The final
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activity ratios were lower at 200°C than at 100°C.
The reaction paths represent the change in activity 
ratios of the fluid after the pH has initially dropped. 
(Figures 12 - 23) An increase in sediment load decreases 
the path length since the initial decrease in pH is not 
as great as when a smaller sediment load is used. The 
reactions follow the same path despite changing sediment 
load except for the initial and final point. The solution 
path at 200°c has approximately the same slope as the 
one at 100°C but increases in path length. The initial 
point occurs at lower activity ratios at 200°C. (Figures 
18 - 23)
If equilibrium is assumed the activity diagrams 
indicate that the stable silicate mineral assemblage is 
chlorite, and a Na-Ca or Ca-Na montmorillonite. Feldspar, 
K-mica, and kaolinite should not exist.
COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS
Experimental and theoretical results agree in that 
kaolinite and feldspar are destroyed, chamosite (or 
chlorite) and a montmorillonite are present.
There is disagreement in that illite is present 
in the experimental sediment. Disagreement may be 
attributed to the equilibrium constants used to establish 
the potassium mica field boundary or the illite (10.04A) 
may be metastable. In the case of illite, the assumption 
of equilibrium may be invalid in that the potassium 
concentration in solution has not stabilized. In addition, 
the effects of mixed-layering on the thermodynamic 
calculations has been ignored.
The HCO3 , Ca++, Mg++ , and pH concentrations were 
measured on the final extracted water samples (Appendices 
10 - 13) and their activities were computed to determine 
the stability of the carbonates and gypsum at 100°C and 
200°C. The reactions and the theoretical equilibrium 
constants of these minerals were derived from data compiled 
by Helgeson (1969), Marshall and Slusher (1968) (Table 8).
Experimental results agree with the theoretical 
calculations on the degree of over-saturation with respect 
to calcite except on experimental run (1-10-146) which is 
only slightly undersaturated. Theoretical calculations 
indicate over-saturation with respect to dolomite and is
73
74
in disagreement with the X-ray data that could be obtained 
on this mineral after an experimental run. Agreement 
does not exist between experimental results and theoretical 
calculations on the presence of gypsum in the sediment at 
100°C and 200°C.





CaC03 + H+ Ca++ + HCO3" .77 - .69
CaMg(CO3)2 + 2H+ - Ca++ + Mg** + 2HC03" -1.04 -1.90










1-100-130 1.11 2.80 -4.86
1-50-139 .85 2.40 -4.97
1-10-146 .57 1.82 -5.02
11-10-127 -.45 -.29 -4.90
-jLn
CONCLUSION
Changes in fluid composition resulting from 
experimental diagenesis are:
(1) Decrease in pH from t'V'B) to (^6) at 100°C 
and (-V5) at 20 0°C.
(2) An initial decrease in pH to a maximum of 
3.2 occurs in less than 5 days.
(3) Dissolved Si02 demonstrates a minimum in 
about 35 days and finally stabilizes near the saturation 
point of quartz.
(4) Dissolved sodium content increases with time 
and with high sediment to water ratio.
(5) Dissolved potassium content increases with 
time and with sediment load.
(6) Dissolved calcium content increases and 
stabilizes slightly above the saturation point of calcite.
(7) Dissolved magnesium content decreases
(^200 ppm) during the first 20 to 40 days and stabilizes.
(8) Dissolved iron content fluctuates and 
reaches maximum values of <25 ppm at 200°C and <15 ppm 
at 100°C.
(9) Dissolved sulfate content decreases with 
time and increased sediment load.
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Changes in mineralogy resulting from experimental 
diagenesis are:
(1) Kaolinite, mixed layered illite, feldspar, 
and perhaps dolomite are destroyed.
(2) Chamosite and minor amounts of chlorite are
formed.
(3) An illite with no mixed-layering forms.
(4) Calcite and quartz remain in the sediment.
(5) Montmorillonite remains in the sediment and 
exchangeable Ca++ may increase with temperature.
(6) Ion exchange data support the above 
conclusions and suggest an improvement in crystallinity.
Experimental and theoretical results agree with 
respect to a mineral assemblage except for illite.
APPLICATION TO THE NATURAL SYSTEM
This investigation indicates the sodium-rich 
montmorillonite found in an argillaceous sediment should 
change to a calcium-rich montmorillonite at higher 
temperatures. Kaolinite, mixed-layered illite, and feld­
spar should be destroyed or their contents decrease in 
the sediment as it is subjected to higher temperatures in 
the presence of a fluid having an ionic concentration 
greater than sea water. Illite should form at temperatures 
near 100°C and may be destroyed as the temperature in­
creases. Chamosite (or chlorite) would be produced at 
temperatures near 100°C.
The diagenetic trends observed agree with the 
changes taking place in the clay mineralogy of the Gulf 
Coast sediments with depth, (Burst,1959; Weaver, 19 59; 
Powers, 1959) and supports the abundance of illite and 
chlorite in ancient shales (Williams, 1967, Weaver, 1959). 
However, the proportion of illite formed in this in­
vestigation is far below the proportion recorded in 
ancient shales (Williams, 1967, Weaver, 1959). The 
initial concentration of feldspar or the amount of 




Calcite and perhaps dolomite remain in an 
argillaceous sediment as it is subjected to pressures
O Qbetween 100 and 300 psi at temperatures of 100 C and 200 C 
respectively. An increase in pressure on the sediment 
would increase the partial pressure of carbon dioxide in 
the system which would further stabilize the carbonate 
minerals in the sediment. Thus, calcite and dolomite 
should be present in deeply buried argillaceous sediment 
at temperatures of 100°C and 200°C.
Many geologists have overlooked the indirect 
results caused by an increase of pressure upon the sediment 
during diagenesis. An increase in compaction of the 
sediment results in an increase in the ratio of sediment to 
fluid. This investigation has clarly demonstrat-'-d that 
this effect will cause changes in the diagenetic altera­
tion of a sediment.
White (1965, 1968) has discussed the chemistry of 
waters in sedimentary rocks as they are subjected to a 
thermal environment and indicates graphically the increase 
in the K+/Na+ ratio in the water with increasing 
temperature during diagenesis and metamorphism. The final 
Ka+/Na+ ratio of the fluid as it approaches equilibrium 
with the sediment in this investigation is in agreement 
with the predictions made by White.
Billings et al. (196 9) suggest that the Ka+/Na+ 
ratios of the formation waters in the Western Canada 
sedimentary basin have been derived by temperature-
80
dependent rock-water reactions or by selective membrane 
filtration of K relative to Na. Subsequently, selective 
filtration of K by the clays in the sediment may account 
for the increased K+/Na+ ratios of the waters which 
deviate from the normal ratios established during diagenesis 
(White, 1965) . Formation waters having a higher K+/Na+ 
ratio them the ratios originating during diagenesis 
proposed by White (1965, 1968) and this experiment must 
come from another process such as selective membrane 
filtration.
Increases in the K+/Na+ ratio of the formation 
waters with respect to elevated temperatures could result 
from a reversal effect of the ion-exchange process due to 
increasing temperature or from increasing solution of a 
potassium phase with increasing temperature (Billings et 
al., 1969). The mass transfer of potassium from the solid 
phase to the fluid in this investigation is not great 
enough to account for the highest K+/Na+ ratios reported 
by Billings. The initial fluid in the formation waters 
of the sedimentary basins in Western Canada (Billings et 
al., 1969) was considered to be unaltered sea water.
Billings et al. (1969) proposed that during early stages 
of diagenesis, the K+/Na+ ratio in the fluid phase should 
decrease due to the exchange of K+ for other alkalies 
on mineral exchange sites or precipitation of a potassium 
mineral before a selective membrane process could increase 
the K+/Na+ ratio in the fluid. The present study indicates
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that Billings et al. were incorrect in that a steady 
increase in the K+/Na+ ratio of the fluid occurs during dia­
genesis .
It is clearly evident, if one projects the curves 
in Figure 24 to 1650 gms. of sediment which is equivalent 
to 10% porosity (density of sediment taken at 2.7 gms/cc.) 
that ionic concentrations formed during diagenesis are far 
below the brine compositions found in deeply buried 
reservoirs. This suggests>if one assumes that the above 
projection is correct, that brine solutions must originate 
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RECOMMENDATION FOR FURTHER STUDIES
It is recommended that the equipment used in this 
investigation be redesigned to eliminate the nickel con­
tamination produced by corrosion. The gauge block and 
breather tubes on the apparatus should be changed to reduce 
the amount of sediment accumulating with the water during 
extraction.
New analytical methods should be employed to deter­
mine the composition of a sediment with greater accuracy. 
The aluminum concentration in the liquid phase should be 
monitored during diagenesis if a reliable method is 
available by which to measure it. Measurements on the gas 
phase existing in the system and the Eh of the water and 
sediment should be taken to help determine the oxidation 
and reduction potentials during experimental diagenesis of 
a sediment.
Specific problems dealing with mineral stability 
during diagenesis should be examined more thoroughly by 
using pure components since their chemical composition and 
thermodynamic properties are known. Concentrations of 
different minerals should be changed artificially in a 
sediment to determine what effect a single mineral phase 
has on the diagenetic changes taking place in a sediment. 
Different mineral suites and sediments than those used in
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this investigation should be subjected to experimental 
alteration and changes taking place in these sediments 
should be correlated with the rock compositions existing 
in environments where diagenetic changes are suspected.
The effect of higher pressures, temperatures, and solution 
concentrations on sediments should be studied to determine 
the exact role each plays during diagenesis.
In conclusion, experimental studies dealing with 
diagenetic alteration are limited only by imagination and 
creation. Work, worries, and rewards await those who are 
interested in this type of research.
REFERENCES
Angino, E. E. and Billings, G. K. 1967, Atomic Absorption 
Spectrometry in Geology, Elsevier Pub. Co., 
Amsterdam.
Billings, G. K. 1963, Major and Trace Element Relationships 
within Coexisting Minerals of the Enchanted Rock 
Batholith, Llano Uplift, Texas, Unpublished Ph.D. 
Thesis, Rice University, Houston, Texas.
_________. 1965, The Analysis of Geological Material by
Atomic Absorption Spectrometry: II Accuracy Tests,
Atomic Absorption Newsletter 4[, p. 312.
__________. Hitchon, B. and Shaw, D. R. 1969. Geochemistry
and Origin of Formation Waters in the Western 
Canada Sedimentary Basin, Part 2 Alkali Metals,
Chem. Geol., v. 4, p. 211-223.
Boswell, P. G. H. 1961, Muddy Sediments: Some Geochemical
Studies for Geologists, Engineers, and Scientists, 
Cambridge, England, Heffer& Sons Pub., p^ 140.
Brown, G. 1961, The X-Ray Identification and Crystal
Structures of Clay Minerals, Minerslogical Society, 
London, p"I 54 4.
Burst, J. F., Jr. 1959, Postdiagenetic Clay Mineral
Environment Relationships in the Gulf Coast Eocene, 
Clays and Clay Minerals, 6th Conf., Pergamon 
Press, p. 327-341.
_________. 196 7, The Diagenesis of Gulf Coast Clay Sediments
and its Possible Relationship to Petroleum 
Migration, Amer. Assoc. Petrol. Geol., v. 53, 
no. 1, p. 73-93.
Carroll, D. and Starkey, H. C. 1958, Effect of Sea Water
on Clay Minerals, Clay and Clay Minerals, 7th Conf., 
Pergamon Press, N.Y., v. 5, p. 80-101.
Coomes, D. S. 1960, Lower Grade Mineral Facies in New 




Daniels, F. 1956, Experimental Physical Chemistry, McGraw 
Hill Co., Inc., p~I 233-238.
Dean, J. A. 1960, Flame Photometry, McGraw Hill Book Co., 
Inc., New York, Toronto, London, p. 117.
Ellis, A. J. and Mahon, W. A. J. 1967, Natural Hydrothermal 
Systems and Experimental Hot-Water/Rock Reactions, 
Part I, Geochimica et Cosmochim Acta, v. 28, p. 
1323-1357, Part II, v. 31, p. 519-538.
_________. 196 8, Natural Hydrothermal Systems and
Experimental Hot-Water/Rock/Interaction: Reactions
with NaCl and Trace Metal Extraction, Geochimica 
et Cosmochimica Acta, v. 32, p. 1356-1363.
Elwell, W. T. and Gridley, J. A. F. 1963, Atomic Absorption 
Spectrometry, The Macmillan Company, New York,
p. 102.
Fishman, M. J. and Downs, S. C. 1966, Methods for
Analyses of Selected Metals in Water by Atomic
Absorption, U. S. Geol. Survey Open File, p. 43.
Fournier, R. O. and Rowe, J. J. 1966, Estimation of Under­
ground Temper attires from the Silica Content of 
Water from Hot Springs and Wet-Steam Wells, Amer. 
Jour. Sci., v. 264, p. 685-697.
_________. 1967, The Porphyry Copper Deposit Exposed in
the Liberty Open-Pit Mine near Ely, Nevada.
Part II: The Formation of Hydrothermal Alteration
Zones, Econ. Geol., v. 62, p. 207-227.
Furman, N. H. 1960, Scotts Standard Method of Chemical 
Analysis, 6th—Ed., v. 1, Van Nos'trand Publ. Co., 
Princeton, N. J., p. 282-290.
Garrels, R. M. 1959, Rates and Geochemical Reactions at 
Low Temperatures and Pressures, Researches in 
Geochemistry, N.Y., John Wiley and Sons, Inc., 
p. 25-37.
_________and Thompson, M. E. 1962, A Chemical Model of Sea
Water at 25°C and 1 ATM. Total Pressure, Amer. 
Jour. Sci., v. 260, p. 57-66.
and Christ, C. L. 1965, Solutions, Minerals, and 
Equilibria, Harper and Row^ p~. 4 50.
87
Griffin, G. M. 1962, Regional Clay Mineral Facies - Products 
of Weathering - Intensity and Current Distribution 
in Northeastern Gulf of Mexico, Geol. Soc. of 
Amer. Bull., v. 73, no. 6 , p. 737-768.
Grim, R. E. and Johns, W. D. 1953, Clay Mineral
Investigations of Sediments in the Northern Gulf
of Mexico, Clays and Clay Minerals, pub. 327,
2nd Natl. Conf., p. s i -i u j , National Academy of 
Science, National Research Council.
Grim, R. E. 1968, Clay Mineralogy, McGraw-Hill, p. 596.
Harvey, H, W. 1960, The Chemistry and Fertility of Sea
Waters, Cambridge Univ. Press, 240.
Hawkins, D. B. and Roy, R. 1963, Experimental Hydrothermal 
Studies on Rock Alteration and Clay Mineral 
Formation, Geochim et Cosmochim Acta, v. 27, 
p. 1047-1054.
Hedberg, H. D. 1936, Gravitational Compaction of Clays 
and Shales, Amer. Jour. Sci., v. 31, p. 241-287.
Helgeson, H. C. 1967, Solution Chemistry and Metamorphism, 
Researches in Geochemistry, N.Y., John Wiley, v. 2, 
p. 3<T2-'40'3.-------------
_________. 1967a, Silicate Metamorphism in Sediments and
the Genesis of Hydrothermal Ore Solutions, Econ. 
Geol., Symposium Monograph 3, p. 333-340.
_________. 1969, Thermodynamics of Hydrothermal Systems
at Elevated Temperatures and Pressures, Amer.
Jour. Sci., v. 267, p. 729-804.
_________, Garrels, R. M., and Mackenzie, F. T. 1969a,
Evaluation of Irreversible Reactions in Geochemical 
Processes Involving Minerals and Aqueous Solutions- 
II-Applications, Geochimica et Cosmochimica Acta, 
v. 33, p. 455-481.
Hemley, J. J. 1959, Some Mineralogical Equilibria in the 
System - ^O-AljC^-SiC^-^O, Amer. Jour. Sci., v. 
257, p. 241-270.
_________ and Meyer, C., Richter, D. H. 1961, Some
Alteration Reactions in the System - Na20-Al2C>3- 
Si02“H20, U.S.G.S. Research, no. 408, p. D338- 
D340.
88
Hemley, J. J. and Jones, W. R. 1964, Chemical Aspects of 
Hydrothermal Alteration with Emphasis on Hydrogen 
Metasomatism, Econ. Geol., v. 59, p. 538-569.
Hess, P. C. 1966, Phase Equilibria of some Minerals in 
the K 20-Na20-Al2O 3-Si02-H2O System at 25°C and 1 
ATM., Amer. Jour, of Sci., v. 264, p. 289-309.
Hurley, P. M., Cormier, R. F., Hower, J., and Fairbairn,
H. W. Jr. 1960, Reliability of Glauconite for 
Age Measurement by K-Ar and Rb-Sr Methods, Bull. 
Amer. Assn. Petrol. Geol., v. 44, p. 1793-1808,
Jackson, M. L. 1958, Soil Chemical Analysis, Prentice Hall, 
Inc., Englewood Cliffs, N.J., p. 498.
Johns, W. D. and Grim, R. E. 1958, Clay Mineral Composition 
of Recent Sediments from the Mississippi River 
Delta, Jour. Sed. Pet., v. 28, no. 2, p. 186-199.
Jonas, E. C. and Brown, T. E. 19 59, Three-Component 
Interstratifications, Jour. Sed. Pet., v. 29, 
p. 77-86.
Jones, A. H. 1965, Analysis of Glass and Ceramic Frit by
Atomic Absorption Spectrometry, Anal. Chem., v. 37, 
p. 1761-1762.
Keller, w. D. 1958, Glauconitic Mica in the Morrison 
Formation in Colorado, Clay and Clay Minerals 
Nat'l Acad. Sci., Nat'l. Res. Council, Pub. 566,
p. 120-128.
. 1963, Diagenesis in Clay Minerals, Claye and
Clay Minerals. 11th Conf., Pergamon Press, McMillan 
Co., N.Y., v. 13, p. 136-157.
_________. 1967, Geological Occurence of the Clay-Mineral
Layer Silicates, Layer Silicates, Amer. Geol. Inst., 
p. 130.
Khitarov, N. I. and Pugin, V. A. 1966, Behavior of
Montmorillonite Under Elevated Temperatures and 
Pressures, Geochem. Intern., v. 3, p. 621-626.
Kiely, P. V. and Jackson, M. L. 1965, Quartz, Feldspar, 
and Mica Determination for Soils by Sodium 
Pyrosulfate Fusion, Soil Sci. Soc. of Amer. Proc., 
v. 29, no. 2, p. 159-163.
Kramer, J. R. 1968, Mineral-Water Equilibria in Silicate 
Weathering, Great Lakes Research Division, no. 85,
p. 1-11.
89
Krauskopf, K. 196 7, Introduction to Geochemistry, Mc-Graw- 
Hill Book Co., N . Y . , p. ^21.
Larsen, G. and Chilingar, G. V. 1967, Diagenesis in
Argillaceous Sediments, Diagenesis in Sediments, 
Elsevier Pub. Co., N . Y ., ch. 4, p^ 127.
Levinson, A. A. and Vian, R. W. 1966, The Hydrothermal
Synthesis of MontmorilIonite Group Minerals from 
Kaolinite, Quartz, and Various Carbonates, Amer. 
Min., v. 51, p. 495-4 98.
Light, M. A. 1952, Evidence of Authigenic and Detrital
Glauconite, Science, v. 115, p. 73-75.
Marshall, F . W. and Slusher, R. 1968, Solubility to 200°C 
of Calcium Sulfate and Its Hydrates in Sea Water 
and Saline Concentrates, and Temperature- 
Concentration Limits. Jour, of Chem. and Eng.
Data, v. 13, no. 1, p. 83-93.
Milne, J. H. and Shott, W. L. 1956, Clay Mineralogy of
Recent Sediments from the Mississippi Sound Area, 
Clays and Clav Minerals, pub. 566, 6th Nat'l 
Conf., p. 253-265, Nat'l Acad, of Sci., Nat'l 
Res. Council.
_________ and Earley, J. W. 1958, Effect of Source and
Environment on Clay Minerals, Amer. Assoc, of 
Pet. Geol. Bull., v. 42, no. 2, p. 328-338.
Muffler, L. J. and White, D, E. 1969, Active Metamorphism 
of Upper Cenozoic Sediments in the Salton Sea 
Geothermal Field and the Salton Trough, South­
eastern California, Geol. Soc. Amer. Bull., 
v. 80, no. 2, p. 157-182.
Neglia, S. 1961, A Tenative Method for Estimating
Sulphides in Shales, Clay Mineral Bull., v. 25, 
no. 4, p. 24 3-245.
Powers, M. C. 1959, Adjustment of Clays to Chemical
Change and the Concept of the Equivalence Level, 
Clays and Clay Minerals, 6th Conf., Pergamon 
Press, p"I $09-326.
1967, Fluid-Release Mechanisms in Compacting
Marine Mudrocks and their Importance in Oil 
Explorations, Amer. Assoc, of Pet. Geol. Bull., 
v. 51, no. 7, p. 1240-1254.
90
Rainwater, F. H. and Thatcher, L. L. 1960, Methods for
Collection and Analysis of Water Samples, U.S.G.S. 
Water Supply Paper 1454, p. 95.
Reesman, A. L. and Keller, W. D. 1967, Chemical
Composition of Illite, Jour, of Sed. Pet., v. 37, 
no. 2, p. 592-596.
Rittenburg, S. C. K. and Others, 196 3, Biogeochemistry of
Sediments in Experimental Mohole, Jour. Sed.
Pet., v. 33, p. 140-172.
Rohrlich, V., Price, N. B., and Calvert, S. E. 1969,
Chamosite in the Recent Sediments of Loch Etive, 
Scotland, Jour. Sed. Pet., v. 39, p. 624-631.
Rose, H. J. Jr., Adler, I., and Flanagan, F. J. 1963,
X-Ray Fluorescence Analysis of the Light Elements 
in Rocks and Minerals, Applied Spectroscopy, v. 17, 
no. 4, p. 81-85.
Shapiro, L. 1960, A Spectrophotometric Method for the 
Determination of FeO in Rocks, Geol. Sur. Res., 
Professional Paper 400 (A-B), no. 226, p. B496-B497.
w
Shepard, F. P. 1956, Marginal Sediments of the Mississippi 
Delta, Amer. Assoc. Pet. Geol. Bull., v. 40, 
no. 11, p. 259 8 .
Siffert, B. 1962, Quelques Reactions De La Silice En
Solution: La Formation Des Argiles, University
De S t ra s bou rg, ch . 3̂  no. 21, p^ 5?"- 61.
Skempton, A. W. 1953, Soil Mechanics in Relation to
Geology, Yorkshire Geol. Soc. Proc., v. 29, p. 33-62.
Steinfink, H. and Gebhart, J. E. 1962, Compression
Apparatus for Powder X-Ray Diffractometry, Rev.
Sci. Instruments, v. 33, p. 542-544.
Sujkowski, Zb. L. 1958, Diagenesis, Bull. Amer. Assoc.
Pet. Geol., v. 42, p. 2692-2717.
Tichell, F. G. 1965, Developments in Sedimentalogy,
Elsevier Pub. Co., cn. 2~.
van Olphen, H. 196 3, Compaction of Clay Sediments in the 
Range of Molecular Particle Distances, C lay and 
Clav Minerals. Macmillan Co., N.Y., v. l3, 
p. 178-187.
91
Vogel, A. I. 19 61, Quantitative Inorganic Analysis, 3rd 
ed., John Wiley & Sons, N.Y., p. 584.
Weaver, C. E. 1959, The Clay Petrology of Sediments, 
Clays and Clay Minerals, 6th Conf., Pergamon 
Press, N .Y. , v. 2~, p~. T54-187.
_________. 1961, Clay Mineralogy of the Late Cretaceous
Rocks of the Washakie Basin, Guide Book 16th Ann, 
Conf. Wyo. Geol. Assoc., p. 148-154.
White, D. E., Brannock, W. W., and Murata, K. J. 1956, 
Silica in Hot-Springs Waters, Geochimica et 
Cosmochimica Acta, v. 10, p. 27-59.
1965. Saline Waters of Sedimentary Rocks,
Fluids in Subsurface Environments, Amer. Assoc.
Pet. Geol. Mem. 324-366.
_________. 1968, Environments of Generation of some Base-
Metal Ore Deposits, Econ. Geol., v. 63, no. 4, 
p. 301-335.
Whitehouse, U. G. and McCarter, R. S. 1958, Diagenetic 
Modification of Clay Mineral Types in Artificial 
Sea Water, Clays and Clay Minerals, 7th Conf., v. 8, 
p. 81-117.
Williams, H. A. 1967, Some Aspects of Ion Exchange in
Shales. Thesis Univ. of Calgary, Calgary, Canada.
Willis, J. B. 1960, The Determination of Metals in Blood 
Serium by Atomic Absorption Spectrometry. III- 
Sodium and Potassium, Spectrochim Acta, v. 16, 
p. 551-588.
_________. 1961, Determination of Calcium and Magnesium
in Urine by Atomic Absorption Spectrometry, Anal. 
Chem., v. 34, p. 614-617.
Wright, T. L. and Stewart, D. B. 196 8, X-Ray and Optical 
Study of Alkali Feldspar, I - Determination of 
Composition and Structural State from Refined Unit 
Cell Parameters and 2V, Amer. Min., v. 53, no. 1, 
p. 38-88.
Yaalon, D. H. 1962, Mineral Composition of the Average 
Shale, Clay Min. Bull., v. 5, p. 31-36.
Zen, E-an. 1962, Problem of the Thermodynamic Status of
the Mixed-Layer Minerals, Geochimica et Cosmochimica 











'. E. 19 59, The Determination of Iron and 
Manganese by Atomic Absorption, Spectrochim.
Acta, v. 10, p. 800-806.
E. and Johannes, W. 1969. Experimental Meta­
morphism of Na-Cl Bearing Aqueous Solutions by 
Reaction with Silicates, Amer. Jour, of Sci., 
v. 267, p. 87-98.
W. M. 1967, Synthesis of Pyrite from Chloride- 
Bearing Solutions, Econ. Geol., v. 62, no. 1, 
p. 138-141.
1. F. 19 60, Rock Weathering and Clay Formation in 
Hawaii, Mineral Industries, Penn. State Univ. 
v. 29, no. 8, p. 1.
R. A. 1963, Electrode Studies of Hydrogen Sulfide 
in Marine Sediments, Geochimica et Cosmochimica 
Acta, v. 27, p. 563.
1964, An Idealized Model of Dissolved Sulfate 
Distribution in Recent Sediments, Geochimica et 
Cosmochimica Acta, v. 27, p. 149 7.
R. 1969, Sedimentary Geochemistry and Clay 
Mineralogy of Lake Pontchartrain and Lake Maurepas, 
Louisiana, M. s .  Thesis, Louisiana State University.
S. and Henin, S. 1948, Transforming Minerals 
of MontmorilIonite-Type Family into 10A Micas, 
Mineral Magazine, v. 28, p. 606-611.
D. 1958. Role of Clay Minerals in the Transporta­
tion of Iron, Geochimica et Cosmochimica Acta, 
v. 14, p. 1-27.
1959, Ion Exchange in Clays and other Minerals, 
Bull. Geol. Soc. Amer., v. 70, p. 749-780.
J. W. 1964, The Thermodynamic Properties of High 
Temperature Aqueous Solutions. VI. Application 
of Entropy Correspondence to Thermodynamics and 




Coleman, N. T. 1961, Decomposition of Clay and the Fate
of Aluminum,(Abst.) 1961 Meeting Geol. Soc. Amer., 
p. 30a.
David, D. J. 1960, The Determination of Exchangeable 
Sodium, Potassium, Calcium, and Magnesium in 
Soils by Atomic Absorption Spectrometry, The 
Analyst, v. 85, p. 495-503.
Dolcater, D. L., Lotse, E. G., Syers, J. K., Jackson, M. L.
196 8, Cation Exchange Selectivity of Some Clay- 
Sized Minerals and Soil Materials, Soil. Sci. Soc.
Amer. Proc. v. 32, no. 6 , p. 795-798.
Ferrell, R. E. and Hise, B. R. 196 7, Abnormal Subsurface 
Pressure, Symposium 1, Louisiana State University, 
School of Geology.
Frederickson, A. F. 1951, Mechanism of Weathering, Geol. 
Soc. Amer. Bull., v. 62, p. 221-231.
Gardner, E. R., Jones, P. J., and de Nordwall, H. J.
1963, Osmotic Coefficients of Some Aqueous Sodium 
Chloride Solutions at High Temperatures, Trans 
Faraday Soc., v. 59, p. 1994-2000.
Garrels, R. M. and Howard, P. 1959, Reactions of Feldspar 
and Mica with Water at Low Temperature and 
Pressure, Clays and Clav Minerals. 6th Conf., 
Pergamon Press, N.Y., p. 68-88.
Garrels, R. M. and Mackenzie, F. T. 1965a, Silica,Role
in the Buffering of Natural Waters, Science, v. 148, 
no. 3666, p. 69.
Goldich, S. S. 1938, A Study of Rock Weathering, Jour. 
Geol., v. 48, p. 17-58.
Grim, R. E., Bray, R. J., and Bradley, W. F. 1937, Mica 
in Argillaceous Sediments, Amer. Min., v. 22, 
p. 813-829.
Grim, R. E. 1958, Concept of Diagenesis in Argillaceous 
Sediments, Bull. Amer. Assoc. Pet. Geol., v. 42, 
p. 246-253.
Grim, R. E., Gaudette, H. E. and Eades, J. L. 1964, The 
Nature of Illite, Clave and Clay Minerals, 13th 
Conf., p . 33-48.
Grim, R. E. 1968, Clay Mineralogy, McGraw-Hill, p. 596.
94
Guggenheim, E. A. 19 35, The Specific Thermodynamic 
Properties of Aqueous Solutions of Strong 
Electrolytes, Phil. Mag., v. 19, p. 588-643.
Hallimond, A. F., Harvey, C. O., and Bannister, F. A.
1939, Relation of Chamosite and Daphnite to the 
Chlorite Group, Min. Mag., v. 25, p. 441-465.
Hanshaw, B. B. and Bredehoeft, J. D. 1968, On the
Maintenance of Anomalous Fluid Pressures, Geol.
Soc. Amer. Bull., v. 79, p. 1097-1122.
Helgeson, H. C. 1968, Evaluation of Irreversible Reactions 
in Geochemical Processes Involving Minerals and 
Aqueous Solutions - I-Thermodynamic Relations, 
Geochimica et Cosmochimica Acta, v. 32, p. 853-877.
Hooper, P. R. 1964, Rapid Analysis of Rocks by X-Ray
Fluorescence, Anal. Chem., v. 36, p. 1271-1276.
Hower, J. and Mowatt, T. C. 1966, The Mineralogy of
Illites/ and Mixed Layer IHite/MontmorilIonites, 
The Amer. Min., v. 51, no. 5-6, p. 825.
Jensen, M. L. and Dessau, G. 1966, The Bearing of Sulfur 
Isotopes on the Origin of Mississippi Valley Type 
Deposits, Econ. Geol,, Symposium Monograph 3, 
p. 400-409.
Keller, w. D. 1968, Argillation and Direct Bauxitization 
in Terms of Concentrations of Hydrogen and Metal 
Cations at Surface of Hydrolyzing Aluminum 
Silicates, Amer. Assoc. Pet. Geol. Bull., v. 42, 
p. 233-245.
Kern, R. and Weisbrod, A. 1967, Thermodynamics for 
G 
P
eologists, Freeman & Cooper Co., San Francisco,
Mackenzie, F. T. and Garrels, R. M. 1966, Silica- 
Bicarbonate Balance in the Ocean and Early 
Diagenesis, Jour, of Sed. Pet., v. 36, no. 4, 
p. 1075-1084.
Mangelsdorf, P. C., Daniell, E., Wilson, T. R. 1969,
Potassium Enrichments in Interstitial Waters of 
Recent Marine Sediments, Science, v. 165, p. 171- 
173.
Marshall, C. E. 1962, Pavt III Reactions of Feldspars and 
Micas with Aqueous Solutions, Econ. Geol., v. 57, 
p. 1219-1227.
95
Maxwell, D. T. and Hower, J. 1967, High-Grade Diagenesis 
and Low-Grade Metamorphism of Illite in the 
Precambrian Belt Series, Amer. Min., v. 52, 
p. 843-857.
McKelvey, J. G. and Milne, I. H. 1962, The Flow of Salt 
Solutions Through Compacted Clay, Clays and Clay 
Minerals, v. 9, p. 248-259.
Nicholls, G. D, and Loring, D. H. 1960, Some Chemical
Data on British Carboniferous Sediments and Their 
Relationship to the Clay Mineralogy of These 
Rocks, Clay Mineral Bull., v. 4, p. 196-207.
Perkins, J. 1963, The Determination of Sodium in Halo- 
Phosphate Phosphors by Atomic Absorption 
Spectrometry, The Analyst, v. 88, p. 324-326.
Potts, R. H. 1959, Catonic and Structural Changes in the 
Missouri River Clays when Treated with Ocean 
Water, Unpublished Thesis, University of Missouri, 
Columbia, Mo.
Powers, M. C. 1957, Adjustment of Land Derived Clays to 
the Marine Environment, Jour. Sed. Pet., v. 27, 
p. 355-372.
Prigogine, I. 1961, Introduction to Thermodynamics of 
Irreversible Processes, Second Edition, Inter­
science .
Rex, W. D. and Martin, B. D. 1965, Clay Mineral Formation 
in Sea Water by Submarine Weathering of K-Feldspar, 
Clays and Clay Minerals, 14th Conf., Pergamon 
Press, N.Y., p. 235-240.
Roedder, E. 1966, Environment of Deposition of Stratiform 
(Mississippi Valley Type) Ore Deposits from 
Studies of Fluid Inclusions, Symposium Monograph 
3, Econ. Geol., p. 349-363.
Roy, R. and Tuttle, 0. F. 1964, Investigations under 
Hydrothermal Conditions, Physics and Chemistry 
of the Earth, Pergamon Press, N.Y.,~v"I T~, p . 138-
m r . -----------
96
Rubeska, I., Moldan, B., and Volniy, Z. 1963, The
Determination of Sodium in Pure Limestone by 
Atomic Absorption Spectrometry, Anal. Chim. Acta, 
v. 29, p. 206-210.
Schenk, J. E. and Weber, W. J. 1968, Chemical Interactions 
of Dissolved Silica with Iron II and III, Jour.
Amer. Water Works Assoc., v. 60, no. 2, p. 199-212.
Scott, A. D. and Smith, S. J. 1966, Susceptibility of 
Interlayer Potassium in Micas to Exchange with 
Sodium, Clays and Clay Minerals, 14th Conf.,
Pe r gamon Press, 26, <39-59 .
Siever, R., Beck, K. C., Berner, R. A. 1965, Comoosition 
of Interstitial Waters of Modern Sediments,
Jour. Geol. v. 73, no. 1, p. 39-73.
Skinner, B. J. 1966, Precipitation of Mississippi Valley 
Type Ores - A Possible Mechanism, Genesis of 
Stratiform - Pb-Zn Barite-Fluorite Deposit, Econ. 
deol. , Symposium Monograph 3"̂ p^ 363-371.
Slaughter, M. and Milne, I. H. 1960, The Formation of 
Chlorite-Like Structures from Montmorillonite,
Clays and Clay Minerals, 7th Conf., Pergamon 
Press, New York, p. 114-124.
Stokes, R. H. and Robinson, R. A. 1948, Ionic Hydration 
and Activity in Electrolyte Solutions, Jour.
Amer. Chem. Soc., v. 70, p. 1870-1878.
Thompson, J. G., Jr. 1955, The Thermodynamic Basis for 
the Mineral Facies Concept, Amer. Jour, of Sci., 
v. 253, p. 65-103.
Towe, K. M. 1962, Clay Mineral Diagenesis as a Possible 
Source of Silica Cement in Sedimentary Rocks,
Jour. Sed. Pet., v. 32, p. 26-28.
van Olphen, H. 1963, Clay-Organic Complexes and the
Retention of Hydrocarbons by Source Rock, Int.
Clay Conf., Proc. Macmillan Co., N.Y., v. 1, p. 30 7- 
317.
Velde, B. 1965, Experimental Determination of Muscovite 
Polymorph Stabilities, Amer. Min., v. 50, p. 436- 
449.
Weaver, C. E. 1958, The Effects and Geologic Significance 
of Potassium Fixation by Expanable Clay Minerals 
Derived from Muscovite, Biotite, Chlorite, and 
Volcanic Material, Amer. Min., v. 43, p. 839-861.
97
Weaver, C. E. 1967, Potassium, Illite, and the Ocean,
Geochimica et Cosmochimica Acta, v. 31, p. 2181- 
2196 .
White, D. E. 1966, Outline of Thermal and Mineral Waters 
as Related to Origin of Mississippi Valley Ore 
Deposits, Symposium Monograph 3, Econ. Geol., 
p. 379-383.
Whitehouse, u. G. and others. 1960. Differential
Settling Tendencies of Clay Minerals in Saline 
Waters, Clay and Clay Minerals Proc., 7th Conf., 
Pergamon Press, N.Y., p. 1-79.
Yaalon, D. H. 1959, Weathering Reactions, Jour. Chem. 
Educ., v. 36, p. 73-76.
Zen, E-an. 196 3, Components, Phases, and Criteria of
Chemical Equilibria in Rocks, Amer. Jour. Sci., 
v. 261, p. 929-942.
Appendix 1, X-Ray Fluorescence Instrument Settings








Si 108.02 Eddt 1.5090P Yes 40 1.05 20 Coarse
A1 143.00 Eddt 1.5138P Yes 50 1.20 24 Coarse
K 116.45 Eddt 1.4443P Yes 40 .90 20 Coarse
ca 113.30 LiF 1.87 35P Yes 50 .50 35 Fine
Ti 86.29 LiF 1.6752S Yes 50 1.00 30 Fine
Mn 63.00 LiF .5752S No 50 1.40 35 Fine
Fe 57.36 LiF .6752S No 50 1.20 25 Fine
Ni 48.60 LiF .6758S No 50 1.20 25 Fine
LEGEND
S * Scintillation Detector 
P * Gas Flow Proportional Detector
VO
00
















Si02 54.50 48.25 80.57 67.39 59.09 41.87
A12°3 13.41 17.13 10.02 15.00 16.90 .58
Fe202 13.45 7.36 1.67 4.26 6.73 8.13
CaO 6.98 12.50 .56 2.12 4.92 .55
k2o 1.68 .20 4.00 5.50 2.89 .00
Ti°2 2.22 .46 .11 .64 1.04 .004
MnO .19 .17 .06 .04 .10 .12
REFERENCES FOR STANDARD DATA
1. Fleisher, M., 1965, Geochim. et Cosmochim. Acta, 29^ 1263
2. Henderson, C. M. B., 1967, Earth Plan, Sci. Letters, 3_, ^
3. Goldich, S, S., et al., 1967, Can. J. Earth Sciences, £, 747
















Si02 40.61 69.26 14.11 52.64 38.33
AI2O3 .16 15.14 4.16 14.85 9.80
Fe203 8.63 2.71 1.63 11.11 13.11
CaO .18 2.03 41.32 10.96 13.67
k 2o .00 4.50 .71 .64 1.32
Ti02 .002 .47 .16 1.07 2.72
MnO .12 .03 .038 .16 .19
REFERENCES FOR STANDARD DATA
5. National Bureau Standards, Washington, D. C.
6. Louisiana State University Standards, Billings
7. Ball and Filby, 1965, Geochim. et Cosmochim. Acta, 29_, 337
8. Taylor and Kolbe, 1964, Geochim, et Cosmochim. Acta, 28, 447
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Si°2 11 14.11 - 69.26 3. 77 .993
Al2°3 9 9.80 - 16.90 3.01 .998
Fe2° 3 11 1.62 - 13.45 8.53 .989
CaO 8 2.03 - 41. 32 1.84 . 999
oCM 8 .64 - 5.50 3.00 . 998
Ti02 7 .46 - 2. 72 7.20 .997
MnO 9 .04 - . 19 4.55 .995
LEGEND
Average Error (%> - average percent error of each standard
found through the entire range used.
Regression Coefficient - linear regression coefficient of
the calibrated curves used to 
change the X-ray intensity of the 
standards to percent weight.
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Appendix 4. Preparation for Atomic Absorption 
Analysis of Silicates
A. Sample and Standard preparation:
1. Grind 1 g. or more of sample to very find powder 
(about <400 mesh). Use either mullite shatterbox 
or mullite Spex-Mill. Make sure sample is homo­
genized after grinding if more than one batch is 
ground.
2. Place 0.250 ± 0.002 g. of sample in Teflon beaker. 
Add 15 ml. of concentrated HCl. Swirl until sample 
is completely wet. Add 55 m. concentrated HF.
3. Place beaker under infra-red heat lamps in a fume 
hood. Evaporate to dryness.
4. Add 5 ml. concentrated HCl and 50 ml. HjO.
5. Place beaker under heat lamp and evaporate back to
about 30 ml. with H2O.
6 . Wash into a 50 ml. volumetric flask several times, 
adding wash to sample. Dilute to the 5 0 ml. 
volumetric mark.
7. Place sample in polyethylene bottle (2 or 4 oz) and
label with sample number and 200X.
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Appendix 4 (continued)
8. If a gelatinous residue exists in the sample after 
step 5; i.e.# if the sample solution is not clear# 
return to step 2 and prepare a new sample.
B. Solution preparation:
1. Analysis for alkaline earths:
a) Pipet 15 ml. of sample into a new polyethylene 
bottle. Pipet into the sample 15 ml. of a 
5,000 ppm (A) La solution.
b) Label with sample number and 400X La.
c) This sample may be diluted as needed for 
subsequent analysis.
2. Sample 200X can be used for all other elements if 
diluted as required.
C. Blank preparation:
1. Prepare a blank with each batch of samples.
2. Prepare the blank by going through all steps of A 
and B but leaving out the rock powder.
3. Label blank 200X or by other dilution factor. In 
the case of B-l, label blank 400X La or by other 
dilution.
Billings# G. K.# 1969, Dept, of Geology, Louisiana State 
Univ.# Baton Rouge, La.
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Appendix 5. Percent of Feldspar in Pyrosulfate 
Residue Determined by Chemical 
Analysis
Original Sediment (K-Pyrosulfate Fusion)
Feldspar (N) (*)% (S.D.) (C.V.)
KAlSi-jOg 5 30.72 1.16 3 .77
NaAlSi30g 5 3.15 .117 3.71
CaA12Si2^8 5 .60 .025 4.16
Original Sediment (Na-Pyrosulfate Fusion)
Feldspar (N) (50% (S.D.) (C.V.)
KAlSi 303 5 26.85 1.09 4.05
NaAlSijOg 5 3.18 .09 2.83
CaAl2Si20g 5 .59 .043 7.28
Experimental Run 11-10-37 (Na-Pyrosulfate Fusion)
Feldspar (N) (X)% (S.D.) (C.V.)
KAlSi 3Og 2 1.65 .438 26.54
NaAlSi30g 2 .39 .558 141.02
CaAl2Si208 2 trace -
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Appendix 6 . Rocker Type Pressure Reaction Apparatus
Parr Instrument Pressure Reaction Apparatus, Model 
4011, with automatic indicating temperature controller. 
Model 4801.




Appendix 7. Vapor Pressure Measurements in Parr 
Bomb Reaction Apparatus
4 4 0 0 -
OO
400 0 -
3 6 0 0 -









Appendix 8 . Measurements on the Ionization of Artificial 















A.S.W. 100 75 7.5 0
A.S.W. 100 28 7.5 10m
A.S.W. 100 25 7.4 2 4h
A.S.W. 100 25 7.4 32h
A.S.W. 100 25 7.5 44h
A.S.W. 200 81 6.6 0
A.S.W. 200 25 6.2 12h
A.S.W. 200 25 6.2 24h
A.S.W. 200 25 6.2 32h
D.W. 100 70 6.2 0
D.W. 100 25 6.2 8h
D.W. 100 25 7.0 2 4h
D.W. 100 25 7.0 32h
D.W. 200 85 5.8 0
D.W. 200 25 5.9 20m
D.W. 200 25 6.2 24h
D.W. 200 25 6.7 32h
(A.S.W.)
LEGEND
Artificial Sea Water pH 7.9 at 25°C
(D.W.) Distilled Water pH 7.0 at 25°C
THEORETICAL pH * 
(D.W.) 100°C * 6.1 
(D.W.) 200°C - 5.7
*Krauskopf (1967), p. 34
108
Appendix 9. Gauge Block on Pressure Reaction Apparatus
A metal container is inserted in needle valve (B) 
of the gauge block. A pressure hose is connected to needle 
valve (A) of the gauge block and to a tank containing argon 
gas .
Appendix 10. Changes in Artificial Sea Water Concentration— Experimental Run (1-100-130)




















































So, 2560 2530 2500 2490 2400 2400
Appendix 10 (continued)


























































so. 2320 2370 2350 2340 2350 2330
Appendix 10 (continued)
Days 130 130 130
Analysis
(ppm)
pH 6.3 6.3 Ni++ (ppm) 7







Appendix 11. Changes in Artificial Sea Water Concentration— Experimental Run (1-50-139)
Days 0 1 18 25 36 40
Analysis Initial
(ppm) Concentration
pH 7.9 5.5 5.9 6.0 6.0 6.0
Mg++ 1607 1580 1580 1570 1575 1500
1560
Na+ 10 r 057 10,200 10,200 10,300 10,600 10,500
10,400
Ca++ 529 590 600 610 610 620





SiCu 0 60 52 50 55 61
* 58
S04“ 2560 2540 2500 2480 2460 2400
Appendix 11 (continued)



























































SO, 2360 2380 2350 2350 2370 2360
Appendix 11 (continued)
Days 114 129 129 139 139
Analysis
(ppm)
pH 6.3 6.2 6.2 6.2 Ni++ (ppm) 10
Mg+ 1420 1420 1400 1410 HC03" (ppm) 100
Na+ 10,600 10,700 10,800 10,800
Ca++ 6 30 620 6 30 640
K+ 710 738 747 792
Fe++ 5 3 3 4
Si02 83 80 83 82
S o /  2350 2380 2360 2390
Appendix 12. Changes in Artificial Sea Water Concentration— Experimental Run (1-10-146)
Days 0 1 6 6 11 20
Analysis Initial
(ppm) Concentration
pH 8.2 00• 4.8 4.8 4.8 4.9
Mg++ 1341 1380 1370 1365 1360 1330
1380 1370 1360 1360 1310
1390
Na+ 10,614 10,600 10,600 10,800 10,600 10,600
3,700 10,800 10,500 10,800
10,600
Ca++ 407 420 450 440 450 430
420 450 440 430
K+ 391 410 364 370 340 380
410 360 370 335 385
++Fe 0 1 2 2 5 4
SiO, 0 67 81 79 85 45
67 78 82 90 48
mso4 2618 2600 2600 2580 2550 2500
Appendix 12 (continued)
Days 20 25 28 33 38 43
Analysis
(ppm)
pH 4.9 5.2 5.2 5.3 5.3 5.5
Mg++ 1310 1270 1250 1250 1250 1245
1320 1270 1260 1250 1250 1240
Na+ 10,700 10,700 10,800 10,800 10,700 10,900
10,800 10,950 10,700 10,800
Ca++ 420 430 420 420 420 410
420 420 420 425 425
K+ 372 390 400 404 405 414
370 390 395 410 415 420
Fe++ 4 8 8 9 10 12
SiO, 39 35 45 39 51 58
2 39 40 42 49 56
s o / 2530 2450 2400 2400 2420 2500
Appendix 12 (continued)
Days 48 53 58 63 68 73
Analysis
(ppm)
pH 5.7 5.7 5.8 5.9 5.9 6.0
Mg++ 1250 1240 1250 1260 1240 1250
1250 1240 1250 1250 1240 1250
Na+ 10,800 10,800 10,800 10,800 10,700 10,70C
10,900 10,900 10,800 10,700 10,800
Ca++ 390 380 370 385 400 380
390 380 390 410 390
K+ 425 420 453 486 495 488
435 415 455 480 495 480
Fe++ 15 10 8 8 7 7
Si02 46 45 34 45 39 51
46 34 48 40 54
so4* 2450 2500 2480 2570 2550 2540
Appendix 12 {continued)
Days 78 83 88 93 100 107
Analysis
(ppm)
pH 6.0 6.0 6.0 6.0 6.0 6.0
Mg++ 1240 1250 1220 1220 1240 1260
1250 1250 1225 1260
Na+ 10,600 10,600 10,600 10,600 10,650 10,700
10,700 10,700 10,800
Ca++ 385 400 425 440 450 450
445 455 450
K+ 485 505 525 560 582 625
488 495 530 567
Fe++ 8 9 5 12 15 10
Si02 62 68 76 79 81 84
72 78
S04" 2500 2520 2500 2530 2540 2530
Appendix 12 (continued)
Days 114 121 129 135 146 146
Analysis
(ppm)
pH 6.0 6.0 6.1 6.1 6.1 Ni++ (ppm) 9
Mg++ 1260 1270 1260 1250 1240 HC03" (ppm) 85
1260 1260 1250
Na+ 10, 850 10,700 10,600 10,800 10,850
10,700 10,600 10,700
Ca++ 440 445 450 460 450
4 30 455 460 445
K+ 644 655 663 695 685
646 658 700 683
Fe++ 8 7 7 4 5
Si02 79 85 79 85 85
85 81
S04 2520 2520 2520 2530 2540
Appendix 13. Changes in Artificial Sea Water Concentration— Experimental Run (11-10-127)







































Fe++ 0 3 6 7 10 12
Si02 0 260 232 190
195
180 170
s o " 2560 2530 2460 2400 2380 2340
Appendix 13 (continued)
Days 30 35 40 45 50 55
Analysis
(ppm)
pH 3.5 3.6 3.6 3.7 3.7 3.9
Mg++ 1500 1520
1520




































so = 2300 2340 2380 2410 2400 2420
Appendix 13 (continued)
Days 60 60 65 70 75 82
Analysis
(ppm)
pH 4.0 4.0 4.4 4.5 4.5 4.7
Mg++ 1540 1540 1540 1550 1540 1530
1550 1540 1530
Na+ 10,100 10,200 10,000 10,100 10,000 9,900
10,200 10,300 10,100 10,100 10,100
Ca++ 590 600 615 630 640 650
590 595 610 620 645 660
K+ 510 510 480 520 640 625
500 490 472 663 623
Fe++ 15 20 18 20 21 18
Si02 248 260 225 253 270 271
253 230 260 268
S04* 2450 2480 2460 2470 2460 2480
Appendix 13 (continued)
Days 89 96 103 109 116 127 127
Analysis
(ppm)























































s o / 2480 2500 2500 2490 2480 2480
Appendix 14. Changes in Artificial Sea Water Concentration— Experimental Run (11-10-37)





















































s o / 2618 2590 2540 2500 2440 2470
Appendix 14 (continued)
Days 21 29 29 34 37
Analysis
(ppm)
pH 3.2 3.3 3.4 3.4 3.5
++Mg 1275 1250 1250 1270 1260







Ca++ 380 380 375 403 416
390 385 380 400 410
K+ 375 440 452 481 502
380 450 435 493 512
Fe+ 8 12 16 18 15




s o / 2350 2320 2340 2380 2420
Appendix 15. Changes in Artificial Sea Water Concentration— Experimental Run (11-10-18)





PH 8.2 4.1 3.1 3.1 3.1 3.1
Mg++ 1341 1380 1370 1370 1340 1300
Na+ 10,614 10,700 10,600 10,700 10,650 10,850
Ca++ 407 420 420 425 420 430
K+ 391 420 450 465 492 475
SiO, 0 265 270 259 244 234
126
Appendix 15 (continued)
Days 16 18 18
Analysis
(ppm)
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Appendix 28. X-Ray Di ffractoqram (Sediment) - Experimental nun fI-100-13G) 140
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Appendix 29. X-Fiay Oi f f ra :coar am (Sediment) - Experimental 0ur. (I-V.-1391
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Appendix 31. X-Ray Hiffractogram (Sediment) - Experimental Run (11-10-127)
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Appendix 32. X-Ray Diffractoqram (Sediment) - Experimental Run (11-10-37)
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Appendix 33. Derivation of Equilibrium Constants at Higher
Temperatures
Helgeson {19 69) uses the following thermodynamic 
equation to describe the temperature dependence of the 
equilibrium constant:
AH°r (Tr) (l 1 ^log K (T) - log K(Tr) - 5 . 3'ffJr 1T " T~J
T T
- 2 O T T  J  AC°p r .(T)dT + 4C°p ( r (T)dlnT
Tr T r
in which AH° and AC are, respectively, the standardjt p 9 r
enthalpy and heat capacity of reaction, R is the gas 
constant, K is the equilibrium constant, T the temperature 
of interest (in °K), and Tr the reference temperature 
(298.15°K in this communication). For most reactions in­
volving aqueous solutions, the integrals in the equation 
cannot be evaluated rigorously because the required heat 
capacity functions are not available.
Helgeson (1969) solves these integrals by cal­
culating average heat capacities. A general discussion of 
these calculations is omitted since it is clearly outlined 
by Helgeson. On the other hand, the derivation of the 
above formula is dependent upon the basic laws of thermo­
dynamics .
If the pressure remains constant, the free enthalpy 
of reaction at a temperature (T) is given by (AG)^.
Since (AG)£ - (Ah £)“ - T(AS£)^
where Ah £ * standard enthalpy at (T)
AS£ = standard entropy at (T)
and ACpr pr
and ) ACpr pr
It can be deduced that
o T 0
(AH)^ - (AH®)Tr + f (ACpr )t dT
and
TAr
(AS) • (AS“) dT
(AG),° (AH) ® - T(AS°r) (ACpr)
-(AG)’
Since log KT - 2.3'0'lRT
147
-(AH>£ T (AS {•)











log Kj, - 2.303RT “ 2.303RTTr + 2.303RTTr
T T
- T M f  j <*CPr>T dT + J
Tr Tr
(AG)Tr
Since log Krr » - 2.303RTr 
Then
log k t - log KTr -
T
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Appendix 37. Changes in Activity Ratios, of Dissolved Constituents-Experimental Run (11-10-37) 151
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